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particle physics

“big unanswered questions”  
about fundamental particles & their interactions 

(dark matter, matter-antimatter asymmetry,  
nature of dark energy, hierarchy of scales…) 

v. 

“big answerable questions” 
and how we go about answering them 

(nature of Higgs interactions, validity of SM up to high scales, 
lepton flavour universality, pattern of neutrino mixing, …)
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I personally expect supersymmetry to be 
discovered at the LHC

-a Nobel prize-winning  
theorist [2008]
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https://cerncourier.com/a/nobel-expectations-
for-new-physics-at-the-lhc/



experiments in the 2020s
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High-luminosity LHC
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5/8/2019 CERN Status & plans 16

Rebuilding ~1.2km of LHC 
(the most complicated bit!)

But also touches very many 
other systems around the 

machine 

• New IR-quads Nb3Sn 
(inner triplets)

• New 11 T Nb3Sn (short) 
dipoles

• Other NbTi magnets in 
the IR 

• Collimation upgrade
• Cryogenics upgrade
• Crab Cavities
• Cold powering
• Machine protection
• …
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HL-LHC lumi: 5-7x today’s int.lumi by 2030, 20-30x by 2036
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HL-LHC performance (ultimate from 2032)

L.Rossi - LHC future @ Open symposium EUSPP-Granada May 2019 22

Design 
goal

M. Lamont, O. Bruning, L. Rossi

End of 2020’s

HL-LHC performance (ultimate from 2032)

L.Rossi - LHC future @ Open symposium EUSPP-Granada May 2019 22

Design 
goal

M. Lamont, O. Bruning, L. Rossi

Run 3 Run 4
ATLAS and CMS

Run 3 Run4 HL-LHC total
300 fb-1 1 ab-1 3 – 4 ab-1

LHCb
Run 3 Run4 HL-LHC total
23 fb-1 50 fb-1 300 fb-1
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huge experimental advances
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What we are preparing for 

Preparing for µ = 200 
Real Time Analysis 

§  RTA is integral part of DAQ chain in upgrade data processing. 
–  Offline	reconstruction	in	HLT2	à	la	Run	2.	

§  TURBO model for exclusive selections. 
–  High-level	physics	objects	directly	from	the	HLT	à	small	fraction	of	raw	event	size.	

11th	September	2019	 139th	LHCC	Meeting	-	OPEN	Session	 13	

Run	2:	JINST	14	P04013	
Comput.	Phys.	Commun.	208	35-42	

Malaescu @ 2019-09 LHCC
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Belle II: 40-50x increase relative to Belle
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Belle II at SuperKEKB

40 times 

8 1035

KEK

SuperKEK

PEP-II

     

• Belle at KEKB
• accumulated 1ab-1 at or near 

Y(4S) 

• Belle II at SuperKEKB
• 40-fold increase in luminosity over 

KEKB
• collect 50 ab-1 by 2025

SuperKEKB luminosity projection

Zupanc (2017)

Belle II at SuperKEKB

40 times 

8 1035

KEK

SuperKEK

PEP-II

     

• Belle at KEKB
• accumulated 1ab-1 at or near 

Y(4S) 

• Belle II at SuperKEKB
• 40-fold increase in luminosity over 

KEKB
• collect 50 ab-1 by 2025

SuperKEKB luminosity projection
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Nova + T2K running; DUNE & Hyper-K starting ~2027
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DUNE HYPER-K

146 II.2 HYPER-KAMIOKANDE DETECTOR

cable. This cable will use the similar sheath material to the one used as the photo-sensor signal

cable not to a↵ect the water quality of the detector. We have also started designing the water

tight connectors for the PMT connection and the Ethernet connection. Both of the connectors

are using screws and are easy to connect. This will reduce the time to connect cables during the

construction. The mock-up connectors have been designed and we are going to produce samples

and evaluate them in the coming years.

8. Timeline

Current plan from the finalization of the design to the completion of the production and tests

is shown in Table XXII

Spring 2020 Final design review of the system

Autumn 2020 Start the design of the system based on the design review

Autumn 2021 Start bidding procedure

Autumn 2022 Start mass production

Autumn 2023 Start final system test

Autumn 2024 Complete mass production

Autumn 2025 Complete system test and get ready for install

TABLE XXII. Timeline to complete the production for the installation.

In order to complete the design by Spring 2020, R&D and evaluation of each component have

to be finished by then. Table XXIII shows the deadlines for each component.

Digitizer Autumn 2018 based on the decision of the photo sensors

Timing and synchronization Select technology by Autumn 2018

Communication block Fix specification by Autumn 2018

Design by Spring 2019

High voltage system Product selection and design by Autumn 2019

Water tight components Technology choice by Spring 2019

TABLE XXIII. Deadlines for each components.

Considering the schedule, we need good coordination with the other groups, including not only

the photo-sensor groups but also the construction groups. The allocated time for each item is not

much but still achievable.
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muon g-2: Fermilab running for the next few years; also J-PARC
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aμ(SM)=(11659182.3±0.1±3.4±2.6)×10−10 , aμ(exp)=(11659209.1±5.4±3.3)×10−10 

∆aμ ≡ aμ(exp) − aμ(SM) = (26.8 ± 7.6) × 10−10 

Thermal muonium
production,
Ionization laser

Muon storage
magnet (3 T)

MLF muon experimental
facility H-line

Positron tracking
detector

Proton beam (3 GeV)

Surface muon (3.4 MeV, 27 MeV/c)

Thermal muon (25 meV, 2.3 keV/c)

Reaccelerated muon
(212 MeV, 300 MeV/c)

3D spiral injection
Muon linac

Kinetic energy  Momentum

Fig. 1 Schematic view of the muon g � 2/EDM experiment at J-PARC MLF.

Our experiment will be installed at the muon facility (MUSE, Muon Science Establish-

ment) [25] in the MLF of J-PARC. A schematic of the experimental setup is shown in Fig. 1.

Experimental components and sensitivity estimations are described in the following sections.

3. Experimental facility and surface muon beam

A primary proton beam of 3 GeV kinetic energy with 1 MW beam power from the Rapid

Cycle Synchrotron hits a 2 cm thick graphite target to provide pulsed muon beams. The

proton beam has a double-pulse structure, and each pulse is 100 ns in width (FWHM) with

a 600 ns separation and 25 Hz repetition rate. Our experiment uses a surface muon beam.

Surface muons are nearly 100% polarized positive muons from the decay of pions stopped

at and near the target surface with the consequent momentum of 29.8 MeV/c and below.

There are four beamlines extracting muon beams. Our experiment will use one of those, the

H-line.

The H-line is a new beamline designed to deliver a high intensity muon beam [26]. This

is realized by adopting a large aperture solenoid magnet to capture muons from the muon

production target, wide gap bending magnets for momentum selection, and a pair of opposite

directional solenoid magnets for e�cient beam transport. The surface muon beam is focused

onto a target to produce muonium atoms. The final focus condition is optimized to maximize

the number of muons stopping in the muonium production target and to minimize the leakage

magnetic field at the focal point. To fulfill these requirements, the final focusing includes

a solenoid magnet followed by a triplet of quadrupole magnets. The layout of the H-line is

shown in Fig. 2.

6/24

Fermilab: has already surpassed 
BNL data (1st results to come 

soon?)

J-PARC: independent systematics, 
moving from R&D to construction
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direct detection dark matter experiments
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Direct Detection of WIMP Dark Matter Lepton Photon 2019Cecilia Levy 

Future: ARGO

�22

Slide credit: Y. Wang

DARWIN IN THE CONTEXT OF THE 
XENON DARK MATTER PROJECT

XENON10 XENON100 XENON1T XENONnT DARWIN

2005 – 2007 2008 – 2016 2012 – 2018 2019 – 2023 2025 –

~15 kg ~62 kg ~2 t ~5.9 t 40 t

15 cm 30 cm 1 m 1.5 m 2.6 m

~10-43 cm2 ~10-45 cm2 ~10-47 cm2 ~10-48 cm2 ~10-49 cm2

!3

See A. Brown’s talk on XENON 

earlier in this session!

15 cm
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many ongoing & medium and small experiments
➤ NA61 

➤ NA62 

➤ NA64 

➤ Compass 

➤ HPS 

➤ SeaQuest 

➤ KATRIN 

➤ …
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direct new-particle searches
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Rules of thumb for direct searches

➤ x10 increase in luminosity → 
increase in direct (total) mass reach 
of    

➤ Valid in range   

➤ Roughly 1 TeV increase in mass 
reach at LHC for each   in 
luminosity 

➤ Proportionally more significant for 
searches at lower end of mass scale

δM = (0.06 − 0.09) s

0.15 ≲ M/ s ≲ 0.6

× 10
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G.P. Salam and A. Weiler for ECFA HL-LHC WG

Based on partonic luminosities

using MSTW2008NNLO central

LHC14: 300 → 3000 fb
-1
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G.P. Salam and A. Weiler for ECFA HL-LHC WG
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Based on partonic luminosities

using MSTW2008NNLO central

LHC14: 300 → 3000 fb
-1



Z’ (or A’)→ leptons
one of the simplest searches,  

reaching some of the highest scales probed at LHC 

�15
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The status today
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HIGH MASS DILEPTON RESONANCE SEARCH
¡ High-mass dielectron and dimuon events are selected 

through methods opImized for high-pT electrons and 
muons. 

¡ SM backgrounds are esImated from simulaIon, with 
correcIons to the Drell Yan background and includes 
the contribuIon from photon induced processes. 

¡ No significant deviaIon from SM expectaIon is
observed 

¡ As a result, a î′TTñ (î′ψ) parIcle, arising in the 

superstring-inspired sequenIal standard model, is 
excluded below a mass of 5.15 (4.55) TeV at 95% 
confidence level. 

These two searches for narrow resonances decaying to 
muons cover the mass range 11.5 GeV – 5.5 TeV (except 
the Z peak).

8/05/19 PL MCBRIDE - CMS STATUS22

EXO-19-019 

NEW

Search for particles decaying to two muons 
or two electrons 

Limits on benchmark models (95% CL):
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s

arXiv:1906.05609

Full Run-2

Phys. Lett. B 796 (2019) 68
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Z’ past & future @ LHC
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extrapolations
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14 TeV

http://cern.ch/collider-reach

Past decade saw exceptionally 
fast direct exploration at high 

end of energy frontier. 

  in reach in 2010 – now 

Next 10 (15) years will see 
much slower progress, ~ 

20% (30%) increase in reach  

End of energy frontier 
exploration?

× 5
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Z’ → l+l‒ 
points: UA1/CDF/D0/ATLAS/CMS 
lines: collider-reach extrapolation
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Z’ → l+l‒ 
points: UA1/CDF/D0/ATLAS/CMS 
lines: collider-reach extrapolation

7 TeV pp

8 TeV pp

13 TeV pp

100 TeV pp, 30ab-1, from 2043

100 TeV pp

30ab-1 from 2063

40 TeV pp

12ab-1 from 2043

Z
' S

S
M

 li
m

it 
[T

e
V

]

year in which data recorded

Sequential SM Z' exclusion reach

 0.2

 0.3

 0.5

 0.7

 2

 3

 5

 7

 20

 30

 50

 70

 0.1

 1

 10

 100

 1990  2000  2010  2020  2030  2040  2050  2060  2070  2080  2090

14 TeV pp, 3ab-1

1.96 TeV p−p

1.80 TeV p−p

0.63 TeV p−p

G
P

S
 +

 A
W

 2
0

1
9

 (w
ith

 h
ttp

://ce
rn

.ch
/co

llid
e

r-re
a

ch
)

year adjusted when only one lepton channel used

long-term pp(bar) view: 
phases of fast, then slow energy 
frontier increase are normal

average increase in reach 
roughly × 2 / decade



are LHC searches over? NO!
exciting action may be happening  

at lower end of LHC reach

�20
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e.g. stop searches

�21

stops play big role in fine tuning  
(accessible masses lower than for Z’) 

fractional gain in   is 50% 
(relative to 36 fb–1) 

NB: this is for   in luminosity, so 
would expect ~+1 TeV increase in   

reach (+2 TeV for system mass of  )

mt̃

× 80
mt̃

2mt̃
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Fig. 2.1.5: MR-R2 distributions shown in a one-dimensional representation for background predictions obtained
for the W 4-5 jet (upper left), W 6 jet (upper right), and Top (lower) categories for the HL-LHC. Statistical and
systematic uncertainties for the YR18 scenario are shown with the hatched and shaded error bars, respectively.
Also shown are the signal benchmark models T5ttcc with mg̃ = 2 TeV, m

t̃
= 320 GeV and m

�̃
0
1
= 300 GeV;

T1tttt with mg̃ = 2 TeV and m
�̃
0
1
= 300 GeV; and T2tt with m

t̃
= 1.2 TeV and m

�̃
0
1
= 100 GeV.

tematic uncertainties, and statistical-only scenarios for the HL-LHC case. Furthermore, projections of
expected discovery sensitivity in the presence of a signal were computed. The p-values for the sig-
nal plus background and background-only hypotheses were used to obtain the expected significances in
terms of number of standard deviations. Figure 2.1.7 shows the projected expected significance for the
T5ttcc, T1tttt, and T2tt models based on the YR18 systematic uncertainties, along with the discovery
upper bounds on the gluino/top squark versus neutralino masses for the three uncertainty scenarios for
the HL-LHC.
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Fig. 2.1.6: Projected expected upper limits on the signal cross sections for the HL-LHC using the asymptotic
CLs method versus gluino/top squark and neutralino masses for the T5ttcc (top left), T1tttt (top right), and T2tt
(bottom) models for the combined W 4-5 jet, W 6 jet, and Top categories for the YR18 scenario. The contours
show the expected lower limits on the gluino/top squark and neutralino masses based on the Run-2 systematic
uncertainties, YR18 systematic uncertainties, and statistical-only scenarios, along with the 2016 razor boost limit
and the 300 fb�1 limit for comparison.

The projection results show that HL-LHC would improve the gluino mass exclusion limits via top-
quark by around 750 GeV, while making discovery possible for gluinos up to masses of 2.4 TeV. For
top squark pair production, the discovery reach is up to 1.4 TeV, consistent with the ATLAS prospect
studies in Section 2.1.2.
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disappearing track analyses
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�̃±
1p

p

�̃0
1

�̃0
1

⇡±

j

Fig. 4.1.1: Diagram depicting �̃±
1 �̃

0

1 production (left), and schematic illustration of a pp ! �̃±
1 �̃

0

1 + jet event in
the HL-LHC ATLAS detector, with a long-lived chargino (right). Particles produced in pile-up pp interactions are
not shown. The �̃±

1 decays into a low-momentum pion and a �̃0

1 after leaving hits in the pixel layers.

to the afore-mentioned study on disappearing tracks, complementary studies on LLPs e.g. from higgs
decays have been performed in the context of a future e�p collider, resulting in good sensitivity for a
wide range in c⌧ and mass [330].

4.1 Disappearing Tracks
A disappearing track occurs when the decay products of a charged particle, like a supersymmetric
chargino, are not detected (disappear) because they either interact only weakly or have soft momenta
and hence are not reconstructed. In the following, prospect studies for HL-, HE- and new proposed e�p
collider are presented, illustrating the potential of this signature as well as its experimental challenges.

4.1.1 Prospects for disappearing track analysis at HL-LHC
Contributors: S. Amoroso, J. K. Anders, F. Meloni, C. Merlassino, B. Petersen, J. A. Sabater Iglesias, M. Saito, R.
Sawada, P. Tornambe, M. Weber, ATLAS

The disappearing track search [102] investigates scenarios where the �̃±
1 , and �̃0

1 are almost mass
degenerate, leading to a long lifetime for the �̃±

1 which decays after the first few layers of the inner
detector, leaving a track in the innermost layers of the detector. The chargino decays as �̃±

1 ! ⇡±�̃0
1.

The �̃0
1 escapes the detector and the pion has a very low energy and is not reconstructed, leading to the

disappearing track signature. Diagram and schematic illustration of production and decay process are
shown in in Fig. 4.1.1. The main signature of the search is a short “tracklet” which is reconstructed in the
inner layers of the detector and subsequently disappears. The tracklet reconstruction efficiency for signal
charginos is estimated using fully simulated samples of �̃±

1 pair production with m(�̃±
1 ) = 600 GeV.

Tracklet reconstruction is performed in two stages. Firstly “standard” tracks, hereafter referred to as
tracks are reconstructed. Afterwards the track reconstruction is then rerun with looser criteria, requiring
at least four pixel-detector hits. This second reconstruction uses only input hits which are not associated
with tracks, referred to as “tracklets”. The tracklets are then extrapolated to the strip detectors, and any
compatible hits are assigned to the tracklet candidate. Tracklets are required to have pT > 5 GeVand
|⌘| < 2.2. Candidate leptons, which are used only to veto events, are selected with pT > 20 GeV and
|⌘| < 2.47 (2.7) for electrons (muons).

The signal region (SR) optimisation is performed by scanning a set of variables which are ex-
pected to provide discrimination between the signal scenario under consideration and the expected SM
background processes. The final state contains zero leptons, large Emiss

T and at least one tracklet, and
events are reweighted by the expected efficiencies of tracklet reconstruction. The small mass splitting
between the �̃±

1 and �̃0
1 implies they are generally produced back to back with similar transverse mo-

mentum. Hence it is necessary to select events where the system is boosted by the recoil of at least one
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Fig. 4.1.2: Expected exclusion limits at 95% C.L. from the disappearing track search using of 3 ab�1of 14 TeV

proton-proton collision data as a function of the �̃±
1 mass and lifetime. Simplified models including both chargino

pair production and associated production �̃±
1 �̃

0

1 are considered assuming pure-wino production cross sections
(left) and pure-higgsino production cross sections (right). The yellow band shows the 1� region of the distribution
of the expected limits. The median of the expected limits is shown by a dashed line. The red line presents the
current limits from the Run-2 analysis and the hashed region is used to show the direction of the exclusion. The
expected limits with the upgraded ATLAS detector would extend these limits significantly. The chargino lifetime
as a function of the chargino mass is shown in the almost pure wino LSP scenario (light grey) calculated at one
loop level. The relationship between the masses of the chargino and the two lightest neutralinos in this scenario is
m(�̃±

1 ) = (m(�̃0

1) +m(�̃0

2))/2. The theory curve is a prediction from a pure higgsino scenario.

potential of the analysis would allow for the discovery of wino-like (higgsino-like) charginos of mass
100 GeV with lifetimes between 20 ps and 700 ns (30 ps and 250 ns), or for a lifetime of 1 ns would
allow the discovery of wino-like (higgsino-like) charginos of mass up to 800 GeV (600 GeV).

Finally, Fig. 4.1.3 presents the 95% C.L. expected exclusion limits in the �̃0
1,�m(�̃±

1 , �̃
0
1) mass

plane, from both the disappearing track and dilepton searches. The yellow contour shows the expected
exclusion limit from the disappearing track search, with the possibility to exclude m(�̃±

1 ) up to 600 GeV
for �m(�̃±

1 , �̃
0
1) < 0.2 GeV, and could exclude up to �m(�̃±

1 , �̃
0
1) = 0.4 GeV for m(�̃±

1 ) = 100 GeV.
The blue curve presents the expected exclusion limits from the dilepton search, which could exclude up
to 350 GeV in m(�̃±

1 ), and for a light chargino mass of 100 GeV would exclude mass differences be-
tween 2 and 15 GeV. Improvements that are expected with the upgraded detector, and search technique
improvements may further enhance the sensitivity to these models. For example the sensitivity of the
disappearing tracks search can be enhanced by optimising the tracking algorithms used for the upgraded
ATLAS detector allowing for an increase in tracklet efficiency, the possibility of shorter tracklets pro-
duced requiring 3 or 4 hits, and further suppression of the fake tracklet component. The dilepton search
sensitivity would be expected to improve by increasing the reconstruction efficiency for low pT leptons.
The addition of the electron channel would also further enhance the search sensitivity.

4.1.2 Complementarities between LHeC and HL-LHC for disappearing track searches
Contributors: K. Deshpande, O. Fischer, J. Zurita

In higgsino-like SUSY models, the Higgsinos’ tiny mass splittings give rise to finite lifetimes
for the charginos, which is enhanced by the significant boost of the c.o.m. system and can be used
to suppress SM backgrounds [330]. The small mass splittings allow the Higgsinos to decay into
⇡±, e±, µ± + invisible particles, with the single visible charged particle having transverse momenta in
the O(0.1) GeV range. In the clean environment (i.e. low pile up) of the e�p collider, such single low-
energy charged tracks can be reliably reconstructed, if the minimum displacement between primary and
secondary vertex is at least 40 µm, and the minimum pT of the charged SM particle is at least 100 MeV.
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extreme lower end: A’ searches at LHCb
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Figure 8. Current limits (grey),
current LHCb limits (black band), and
proposed future experimental reach
(coloured bands) on A

0 parameter
space. The arrows indicate the
available mass range from light
meson decays into e

+
e
�g . From

Ref. [3].

Figure 9. (Left)
Expected (dashed black
line) upper limit on cross
section times branching
fraction s ⇥B as a
function of the Z

0 boson
mass. (Right) Projected
sensitivity to a vector
leptoquark model
addressing the B decay
anomalies. From Ref. [3].
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searches for the SSM and E6 Z
0 bosons, Z

0
SSM and Z

0
y , in the dilepton final state predict exclusion (discovery) up to masses

of 6.5 TeV (6.4 TeV) and 5.8 TeV (5.7 TeV), respectively. The 36 fb�1 Run-2 exclusion for Z
0
SSM (Zy ) is 4.5 TeV (3.8 TeV),

expected to grow to 5.4 TeV (4.8 TeV) after 300 fb�1 (Fig. 9). Using top-tagging, a Randall–Sundrum Kaluza–Klein gluon
decaying to tt̄ is expected to be excluded (discovered) up to 6.6 TeV (5.7 TeV) extending the 36 fb�1 bounds by over 2 TeV.

Models related to the apparent flavour anomalies in B decays suggest the presence of heavy resonances, either Z
0 or

leptoquarks (LQ), coupling to second and/or third generation SM fermions. The HL-LHC will be able to cover a significant
portion of the parameter space allowed by flavor constraints, with an exclusion reach up to 4 TeV for the Z

0, depending on
the structure and size of the Z

0 couplings. Pair produced scalar LQs coupling to µ (t) and b-quarks, on the other hand, can
be excluded up to masses of 2.5 (1.5) TeV, depending on assumptions on couplings. In Fig. 9 (right) we show the parameter
space of a vector LQ model addressing B decay flavor anomalies (see Section 3.2) that can be covered with dedicated HL-LHC
high-pT searches. Finally, prospect studies for third generation LQ in the tµ and tt channels deliver mass limits (discovery
potential) increased by 500 (400) GeV with respect to 36 fb�1, with discovery prospects in the tµ channel up to 1.7 TeV.

5.4 Long-lived particles
In addition to the significant expansion of expected luminosity, new detector upgrades will enable searches in the long-lived
particle regime. Muons displaced from the beamline, such as found in SUSY models with µ̃ lifetimes of ct > 25 cm, can be
excluded at 95% CL. New fast timing detectors will also be sensitive to displaced photon signatures arising from long lived
particles in the 0.1 < ct < 300 cm range.

Prospect studies for disappearing tracks searches using simplified models of c̃± production lead to exclusions of chargino
masses up to m(c̃±

1 ) = 750 GeV (1100 GeV) for lifetimes of 1 ns for the h̃ (w̃) hypothesis. When considering the lifetime
predicted by theory, h̃ (w̃) masses up to 300 (830) GeV can be excluded. This improves the 36 fb�1 Run 2 mass reach by a
factor of 2-3. The discovery reach is reduced to 160 GeV (h̃) and 500 GeV (w̃), due to the loss in acceptance at low lifetime
(0.2 ns), but sensitivity is expected to be recovered with dedicated optimisations. Results are shown in Fig. 7 (left).

Several studies are available also for long-lived g̃. As an example, we expect a 1 TeV extension of the 36 fb�1 Run 2 mass
reach, for models with g̃ lifetimes t > 0.1 ns, and an exclusion of mg̃ up to 3.4-3.5 TeV. Finally, the signature of long-lived dark
photons decaying to displaced muons can be reconstructed with dedicated algorithms and is sensitive to very small coupling
e2 ⇠ 10�14 for masses of the dark photons between 10 and 35 GeV. Complementarities in long-lived particle searches and
enhancements in sensitivity might be achieved if new proposals for detectors and experiments such as Mathusla, FASER,
Codex-B, MilliQan and LHeC are realized in parallel to the HL-LHC.

8
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General searches (including an example with 704 event classes)
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General search

As we move into 
regime where mass 
reach evolves more 

slowly, what’s the best 
strategy? 

Can/should searches 
be automated?  

Can they be 
incorporated into 
generic searches, 
freeing up time/
thought for novel 

searches? 



direct  
(mostly) non-LHC  

searches
mainly based on material from  

Physics Beyond Colliders report, arXiv:1902.00260
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hidden sectors: a few simplified models, a plethora of experiments

�26Fig. 12: Typical interaction processes of the hidden sector with Standard Model particles for the various bench-
mark models. The letters f , ¸, ‹ and q denote SM fermions, leptons, neutrinos and quarks, respectively. The free
parameters of the models are the couplings indicated at the vertices and the masses of the hidden sector particles:
dark photon A

Õ, hidden sector matter particle X , new singlet scalar S, heavy neutral lepton N¸ and axion-like
particle a. BC3 is the limit of BC2 for mA

Õ = 0. In experiments these fundamental interaction processes are real-
ized in different ways and lead to a variety of signatures. In the PBC experiments production of the new particles
proceeds mainly via Bremsstrahlung and Primakoff-like processes as well as meson decays. Signatures include the
appearance of SM particles “out of nothing” by the decay of a long lived neutral particle (e.g. beamdumps, LLP
searches), missing energy/momentum features if the particle does not decay or decays into other weakly coupled
particles (e.g. NA64++, LDMX, NA62++, KLEVER), and the weak scattering of the weakly interacting particles
themselves (e.g., SHiP emulsion target, milliQan).

4.2.2 Searches for Hidden Sector particles

An important class of searches deals with new relatively low mass but very weakly interacting particles.
PBC experiments can contribute to this domain both in the sub-eV and the MeV-GeV ranges.
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dark photon production & decay
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Fig. 12: Typical interaction processes of the hidden sector with Standard Model particles for the various bench-
mark models. The letters f , ¸, ‹ and q denote SM fermions, leptons, neutrinos and quarks, respectively. The free
parameters of the models are the couplings indicated at the vertices and the masses of the hidden sector particles:
dark photon A

Õ, hidden sector matter particle X , new singlet scalar S, heavy neutral lepton N¸ and axion-like
particle a. BC3 is the limit of BC2 for mA

Õ = 0. In experiments these fundamental interaction processes are real-
ized in different ways and lead to a variety of signatures. In the PBC experiments production of the new particles
proceeds mainly via Bremsstrahlung and Primakoff-like processes as well as meson decays. Signatures include the
appearance of SM particles “out of nothing” by the decay of a long lived neutral particle (e.g. beamdumps, LLP
searches), missing energy/momentum features if the particle does not decay or decays into other weakly coupled
particles (e.g. NA64++, LDMX, NA62++, KLEVER), and the weak scattering of the weakly interacting particles
themselves (e.g., SHiP emulsion target, milliQan).

4.2.2 Searches for Hidden Sector particles

An important class of searches deals with new relatively low mass but very weakly interacting particles.
PBC experiments can contribute to this domain both in the sub-eV and the MeV-GeV ranges.
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Fig. 13: Projected sensitivities to the dark photon visible mode (BC1) of worldwide experiments ongoing or in
discussion. The filled area corresponds to already excluded regions. (See [2] for details and references.)

Fig. 14: Projected sensitivities to the dark photon visible mode (BC1). The filled area corresponds to already
excluded regions. (See [2] for details and references.)

One physics goal of NA64++(µ) is not covered by the benchmark models, but is of particular
interest: it is the possibility to explain the long-standing deviation of the (g ≠ 2)µ from its Standard
Model value with a very weakly coupled vector boson dominantly coupled to muons. The Phase I short
run of NA64++(µ) with a muon beam provides a unique opportunity to test this.

A longer run of NA64++(µ) would provide sensitivity to millicharged particles (BC3) through
missing energy. This is compared to the reach of other experiments in figure 16. The motivation of an
extended Phase II run of NA64++(µ) will depend on the results of milliQan.

Figures 17 and 18 complement the landscape with hidden scalars and heavy neutral leptons. The
benchmark cases BC4 with scalar-Higgs mixing, and BC8 of an HNL interacting with · -neutrinos, are
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Fig. 13: Projected sensitivities to the dark photon visible mode (BC1) of worldwide experiments ongoing or in
discussion. The filled area corresponds to already excluded regions. (See [2] for details and references.)

Fig. 14: Projected sensitivities to the dark photon visible mode (BC1). The filled area corresponds to already
excluded regions. (See [2] for details and references.)

One physics goal of NA64++(µ) is not covered by the benchmark models, but is of particular
interest: it is the possibility to explain the long-standing deviation of the (g ≠ 2)µ from its Standard
Model value with a very weakly coupled vector boson dominantly coupled to muons. The Phase I short
run of NA64++(µ) with a muon beam provides a unique opportunity to test this.

A longer run of NA64++(µ) would provide sensitivity to millicharged particles (BC3) through
missing energy. This is compared to the reach of other experiments in figure 16. The motivation of an
extended Phase II run of NA64++(µ) will depend on the results of milliQan.

Figures 17 and 18 complement the landscape with hidden scalars and heavy neutral leptons. The
benchmark cases BC4 with scalar-Higgs mixing, and BC8 of an HNL interacting with · -neutrinos, are
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Fig. 15: Projected sensitivities to the dark photon invisible mode (BC2). The filled areas correspond to already
excluded regions. Sensitivities are shown in a parameter space where a relic particle responsible for the full DM
content would lie on a single line (pseudo-DIRAC fermion case shown). Exclusion limits are derived as function
of the A’ mass mA

Õ and its coupling ‘ to SM particles. The mass of the relic DM particle and its A’ coupling are
fixed to m‰ = 1/3 mA

Õ and –D = 0.1, respectively. (See [2] for details and references.)

Fig. 16: Projected sensitivities to millicharged particles (BC3). The filled areas correspond to already excluded
regions. (See [2] for details and references.)

shown as typical examples. In both cases significant uncharted territories can be covered, with the main
players being SHiP and the LHC-LLP searches. They feature a similar mass reach due to the production
via meson decays. For BC4 they have complementary coupling reach, and a significant new range at
lower mass can be explored by KLEVER, but also NA62 (not shown on the plot). For heavy neutral
leptons (BC8) SHiP has the broadest coverage. Early discovery potential is provided by NA62++ and
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Fig. 17: Projected sensitivities to dark scalars (BC4). The filled areas correspond to already excluded regions.
(See [2] for details and references.)

Fig. 18: Projected sensitivities to HNLs coupled to the · (BC8). The filled areas correspond to already excluded
regions. The two SHiP exclusion curves correspond to 2 extreme assumptions on the poorly known Bc production
cross section at the BDF energy. (See [2] for details and references.)

FASER.
The full complementarity of the PBC projects can be explicitly seen in the case of axion-like

particles shown in figure 19. In this figure a much wider range of masses from 10≠11 eV to 10 GeV is
shown. In an explicit realization of the schematic figure 10, IAXO and JURA contribute to searches in
the sub-eV region, while fixed target and LHC-LLP searches target the MeV to GeV region. A detailed
zoom on the MeV-GeV domain can be found in [2]: since the experimental signatures are similar to
those of dark photons in the visible mode, the projects sensitivities compare qualitatively as previously
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Fig. 12: Typical interaction processes of the hidden sector with Standard Model particles for the various bench-
mark models. The letters f , ¸, ‹ and q denote SM fermions, leptons, neutrinos and quarks, respectively. The free
parameters of the models are the couplings indicated at the vertices and the masses of the hidden sector particles:
dark photon A

Õ, hidden sector matter particle X , new singlet scalar S, heavy neutral lepton N¸ and axion-like
particle a. BC3 is the limit of BC2 for mA

Õ = 0. In experiments these fundamental interaction processes are real-
ized in different ways and lead to a variety of signatures. In the PBC experiments production of the new particles
proceeds mainly via Bremsstrahlung and Primakoff-like processes as well as meson decays. Signatures include the
appearance of SM particles “out of nothing” by the decay of a long lived neutral particle (e.g. beamdumps, LLP
searches), missing energy/momentum features if the particle does not decay or decays into other weakly coupled
particles (e.g. NA64++, LDMX, NA62++, KLEVER), and the weak scattering of the weakly interacting particles
themselves (e.g., SHiP emulsion target, milliQan).

4.2.2 Searches for Hidden Sector particles

An important class of searches deals with new relatively low mass but very weakly interacting particles.
PBC experiments can contribute to this domain both in the sub-eV and the MeV-GeV ranges.
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Fig. 12: Typical interaction processes of the hidden sector with Standard Model particles for the various bench-
mark models. The letters f , ¸, ‹ and q denote SM fermions, leptons, neutrinos and quarks, respectively. The free
parameters of the models are the couplings indicated at the vertices and the masses of the hidden sector particles:
dark photon A

Õ, hidden sector matter particle X , new singlet scalar S, heavy neutral lepton N¸ and axion-like
particle a. BC3 is the limit of BC2 for mA

Õ = 0. In experiments these fundamental interaction processes are real-
ized in different ways and lead to a variety of signatures. In the PBC experiments production of the new particles
proceeds mainly via Bremsstrahlung and Primakoff-like processes as well as meson decays. Signatures include the
appearance of SM particles “out of nothing” by the decay of a long lived neutral particle (e.g. beamdumps, LLP
searches), missing energy/momentum features if the particle does not decay or decays into other weakly coupled
particles (e.g. NA64++, LDMX, NA62++, KLEVER), and the weak scattering of the weakly interacting particles
themselves (e.g., SHiP emulsion target, milliQan).

4.2.2 Searches for Hidden Sector particles

An important class of searches deals with new relatively low mass but very weakly interacting particles.
PBC experiments can contribute to this domain both in the sub-eV and the MeV-GeV ranges.
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Axions
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Fig. 19: Projected sensitivities to axions coupled to photons (BC9) (see [2] for details and references). The filled
areas correspond to already excluded regions (cf. e.g. [43, 44]).

discussed for BC1 (figure 14).
In the sub-eV area, IAXO can provide world-leading sensitivity for a wide range of masses. Baby-

IAXO already has the ability to test a significant part of the parameter range suggested by a variety of
astrophysical hints. The full IAXO implementation then improves by more than one order of magnitude
over current limits from astrophysics as well as the successful precursor experiment CAST. Importantly
it is also a unique experiment able to test multi-meV mass QCD axions, complementing searches of
axion dark matter in the (1 ≠ 100)µeV range. In the very long term the 3rd generation LSW experiment
JURA has the potential to improve beyond IAXO.

A similar picture as for photon-coupled axion-like particles can also be drawn for gluon couplings
(BC11). Here the sub-eV range can be probed by the EDM ring experiment searching for an oscillating
EDM that is expected if ultralight axion-like particles constitute the dark matter in the Universe. This
can potentially even reach sensitivity to underlying physics at the Planck scale. An indication of the
corresponding sensitivity is shown as the low mass oEDM curve in the schematic overview figure 10.
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Fig. 12: Typical interaction processes of the hidden sector with Standard Model particles for the various bench-
mark models. The letters f , ¸, ‹ and q denote SM fermions, leptons, neutrinos and quarks, respectively. The free
parameters of the models are the couplings indicated at the vertices and the masses of the hidden sector particles:
dark photon A

Õ, hidden sector matter particle X , new singlet scalar S, heavy neutral lepton N¸ and axion-like
particle a. BC3 is the limit of BC2 for mA

Õ = 0. In experiments these fundamental interaction processes are real-
ized in different ways and lead to a variety of signatures. In the PBC experiments production of the new particles
proceeds mainly via Bremsstrahlung and Primakoff-like processes as well as meson decays. Signatures include the
appearance of SM particles “out of nothing” by the decay of a long lived neutral particle (e.g. beamdumps, LLP
searches), missing energy/momentum features if the particle does not decay or decays into other weakly coupled
particles (e.g. NA64++, LDMX, NA62++, KLEVER), and the weak scattering of the weakly interacting particles
themselves (e.g., SHiP emulsion target, milliQan).

4.2.2 Searches for Hidden Sector particles

An important class of searches deals with new relatively low mass but very weakly interacting particles.
PBC experiments can contribute to this domain both in the sub-eV and the MeV-GeV ranges.
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Finding dark matter and studying it will be the 
biggest challenge for the Large Hadron Collider’s 
second run

-a large LHC experiment’s  
spokesperson [2015]
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Rotation curve of spiral galaxy Messier 33

dark matter
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musn’t be (too) disappointed at lack of dark matter 
signal at LHC (& elsewhere)

Evidence for dark matter exists since the 1930s. 

Today we know that 

➤ there are many possible models  

➤ the range of parameters they span is large 

We must deploy full ingenuity in searching for dark matter, including at LHC. 

But must also recognise that it has remained elusive for 80–90 years, and chances of 
finding it in any given year are small!
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4 The (incomplete) landscape of candidates 7
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Figure 1. Graphical representation of the (incomplete) landscape of candidates. Above, the landscape of
dark matter candidates due to T. Tait. Below, the range of dark matter candidates’ masses and interaction
cross sections with a nucleus of Xe (for illustrative purposes) compiled by L. Pearce. Dark matter candidates
have an enormous range of masses and interaction cross sections.

point to a DM mass scale rather similar to the nucleon mass, in the few GeV range [17, 18, 19, 20, 21, 22].
The observed clustering patterns of DM can be explained better by DM with self-interaction cross-section
within an order of magnitude from the neutron self-scattering cross-section, rather than by collisionless cold
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Direct Detection of WIMP Dark Matter Lepton Photon 2019Cecilia Levy 

Future of Heavy WIMPs Searches

�23

Plot credit: K. Ni
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Fig. 19: Projected sensitivities to axions coupled to photons (BC9) (see [2] for details and references). The filled
areas correspond to already excluded regions (cf. e.g. [43, 44]).

discussed for BC1 (figure 14).
In the sub-eV area, IAXO can provide world-leading sensitivity for a wide range of masses. Baby-

IAXO already has the ability to test a significant part of the parameter range suggested by a variety of
astrophysical hints. The full IAXO implementation then improves by more than one order of magnitude
over current limits from astrophysics as well as the successful precursor experiment CAST. Importantly
it is also a unique experiment able to test multi-meV mass QCD axions, complementing searches of
axion dark matter in the (1 ≠ 100)µeV range. In the very long term the 3rd generation LSW experiment
JURA has the potential to improve beyond IAXO.

A similar picture as for photon-coupled axion-like particles can also be drawn for gluon couplings
(BC11). Here the sub-eV range can be probed by the EDM ring experiment searching for an oscillating
EDM that is expected if ultralight axion-like particles constitute the dark matter in the Universe. This
can potentially even reach sensitivity to underlying physics at the Planck scale. An indication of the
corresponding sensitivity is shown as the low mass oEDM curve in the schematic overview figure 10.

57

Fig. 12: Typical interaction processes of the hidden sector with Standard Model particles for the various bench-
mark models. The letters f , ¸, ‹ and q denote SM fermions, leptons, neutrinos and quarks, respectively. The free
parameters of the models are the couplings indicated at the vertices and the masses of the hidden sector particles:
dark photon A

Õ, hidden sector matter particle X , new singlet scalar S, heavy neutral lepton N¸ and axion-like
particle a. BC3 is the limit of BC2 for mA

Õ = 0. In experiments these fundamental interaction processes are real-
ized in different ways and lead to a variety of signatures. In the PBC experiments production of the new particles
proceeds mainly via Bremsstrahlung and Primakoff-like processes as well as meson decays. Signatures include the
appearance of SM particles “out of nothing” by the decay of a long lived neutral particle (e.g. beamdumps, LLP
searches), missing energy/momentum features if the particle does not decay or decays into other weakly coupled
particles (e.g. NA64++, LDMX, NA62++, KLEVER), and the weak scattering of the weakly interacting particles
themselves (e.g., SHiP emulsion target, milliQan).

4.2.2 Searches for Hidden Sector particles

An important class of searches deals with new relatively low mass but very weakly interacting particles.
PBC experiments can contribute to this domain both in the sub-eV and the MeV-GeV ranges.
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null results so far: proton decay
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C Nucleon decay searches 27
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FIG. 3. A comparison of historical experimental limits on the rate of nucleon decay for several key modes to

indicative ranges of theoretical prediction. Included in the figure are projected limits for Hyper-Kamiokande

and DUNE based on 10 years of exposure.

The message the reader should conclude from this figure is that 10 years of Hyper-K exposure

is sensitive to lifetimes that are commonly predicted by modern grand unified theories. The key

decay channel p ! e+⇡0 has been emphasized, because it is dominant in a number of models, and

represents a nearly model independent reaction mediated by the exchange of a new heavy gauge

boson with a mass at the GUT scale. The other key channels involve kaons, wherein a final state

containing second generation quarks are generic predictions of GUTs that include supersymmetry.

Example Feynman diagrams are shown in Fig. 4.

Generally, nucleon decay may occur through multiple channels and ideally, experiments would

reveal information about the underlying GUT by measuring branching ratios. It is a strength of

Hyper-K that it is sensitive to a wide range of nucleon decay channels, however the few shown here

are su�cient to discuss the details of the search for nucleon decay by Hyper-Kamiokande later in

this document.

Practically, because of the stringent limits from more than 300 kt·y of Super-K running, the next

generation experiments will have to concentrate on the discovery of nucleon decay, perhaps by one

or a small number of events. The predictions are uncertain to two or three orders of magnitude,

and one should not expect a negative search to definitively rule out the idea of GUTs. To excel

DUNE and hyper-K 
due to come online ~ 

2025 

Not just neutrino 
physics, but also 

searches 
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null results so far: electric dipole moments

�39Fig. 11: Status and prospects of lepton and hadron EDM measurements. The yellow bars indicate the improve-
ments expected in the next decade versus the current limits shown in red. The purple and grey bars show the SM
expectations based on CKM CP-violation and QCD with the maximal ◊ term allowed by the limit on the neutron
EDM, respectively. The former gives an impression when searches will become SM limited, the latter shows one
option of how, a so far undiscovered, SM parameter can manifest itself. However, it could also be interpreted as
signal of explicit symmetry breaking effects in models with an axion, giving information of the underlying model
and perhaps even its connection to gravity. (See [2] for details and references.)

a significant domain of possible BSM contributions. In this context the moderate precision expected
from the short-lived baryon EDM extraction with an LHC-FT double crystal setup may have a limited
discovery potential, but the measurements would explore an uncharted territory.

A proton EDM measurement will significantly contribute to the global picture only if its precision
is similar or better than that of the neutron EDM. For neutrons there are several set-ups existing in the
world which regularly improve the experimental methods: the community aims to reach a precision close
to 10≠28 e.cm in the coming decade. New ideas are coming up for a larger next generation experiment
which could federate part of the community and offer long term prospects.

At present proton EDM measurements lie behind neutrons in precision. There are new projects,
e.g. the molecular EDM experiment CeNTREX in the US, which are expected to improve the current
limit of 2 ◊ 10≠25 e.cm by more than one order of magnitude in the coming years. The EDM storage
ring discussed within PBC could take the proton EDM precision significantly beyond that of the neutron.
However, reaching this level of precision represents a step of ¥10 orders of magnitude compared to
previous EDM storage ring experiments.

50

arXiv:1902.00260 (PBC)

current limits expected limit in next decade

EDM that 
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Almost any measurement ≡ indirect search
➤ whether flavour, electroweak / Higgs, high-pT jets, etc. 

➤ there’s a chance your measurement is sensitive to physics at some scale 
 , where new new physics appears as small higher-dimension effective 
operator
Λ ≫ Mobserved

�40

ℒ = ℒSM +
1

Λ2 ∑
k

𝒪k + ⋯

➤ you may think it’s the measurement that matters: e.g. establishing a fundamental 
parameter of the SM to higher precision (that’s part of a physicist’s legacy) 

➤ or you may think of increased precision as an indirect route to higher  Λ



flavour physics

�41
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B anomalies: concentrate on RK (lepton flavour violation)

�42

Updated RK from LHCb
Factor 2 larger yields than in previous analysis
still statistically dominated by electron mode

16

PRL 122 (2019) 191801

N ~ 1940
N ~ 760

compatible with previous 
analysis and ~2.5σ from SM

Still x2 B decays recorded by 
LHCb to be analysed!

Carla Marin @ LP2019
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Projections at LHCb and Belle II

�43

18

LFU violation tests: RK, RK*, RXs

Even with 50 ab-1, measurement still statistically dominated.
18

LFU violation tests: RK, RK*, RXs

Even with 50 ab-1, measurement still statistically dominated.

Table 32: Estimated yields of b ! se+e� and b ! de+e� processes and the statistical uncertainty on
RX in the range 1.1 < q2 < 6.0 GeV

2/c4 extrapolated from the Run 1 data. A linear dependence of the
bb production cross section on the pp centre-of-mass energy and unchanged Run 1 detector performance
are assumed. Where modes have yet to be observed, a scaled estimate from the corresponding muon
mode is used.

Yield Run 1 result 9 fb�1 23 fb�1 50 fb�1 300 fb�1

B+ ! K+e+e�
254 ± 29 [5] 1 120 3 300 7 500 46 000

B0 ! K⇤0e+e�
111 ± 14 [6] 490 1 400 3 300 20 000

B0

s ! �e+e� – 80 230 530 3 300

⇤0

b ! pKe+e� – 120 360 820 5 000

B+ ! ⇡+e+e� – 20 70 150 900

RX precision Run 1 result 9 fb�1 23 fb�1 50 fb�1 300 fb�1

RK 0.745 ± 0.090 ± 0.036 [5] 0.043 0.025 0.017 0.007

R
K

⇤0 0.69 ± 0.11 ± 0.05 [6] 0.052 0.031 0.020 0.008

R� – 0.130 0.076 0.050 0.020

RpK – 0.105 0.061 0.041 0.016

R⇡ – 0.302 0.176 0.117 0.047

Fig. 54: Constraints on the difference in the C9 and C10 Wilson coefficients from angular analyses of
the electron and muon modes with the Run 3 and Upgrade II data sets. The 3� regions for the Run 3
data sample are shown for the SM (solid blue), a vector-axial-vector new physics contribution (red dot-
ted) and for a purely vector new physics contribution (green dashed). The shaded regions denote the
corresponding constraints for the Upgrade II data set.

than the corresponding muon modes, owing to the tendency for the electrons to lose a significant fraction
of their energy through bremsstrahlung in the detector. This loss impacts on the ability to reconstruct,
trigger and select the electron modes. The precision with which observables can be extracted therefore
depends primarily on the electron modes and not the muon modes. In order for RX measurements to

142

0.846+0.060
�0.054

+0.016
�0.014

<latexit sha1_base64="miw8nbju0N3qy7pkxvs8qU4ZRXI="></latexit>

LHCb today

in ~ 1 year ? by 2025?

If current central value persists,  
by 2025 LHCb will have 6σ  

and Belle II will have 4σ

Belle II proj: from slides by Zupanc (2017)
LHCb proj: HL-LHC YR arXiv:1812.07638
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CKM fits (today)
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CKM fits (late 2020’s)
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CKM fits (~2035)
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Questions in neutrino physics

�49

Next Questions In Neutrino Physics

• Mass ordering 

• Nature of ν3 - 
θ23 octant 

• Is CP 
violated? 

• Is there more 
to this 
picture?

�6

this & other ν material from Mark Messier @ LP19

CP violation in leptons

Quark mixing Neutrino mixing

Cecilia Jarlskog �4

CP violation in leptons
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hints of CP violation 

normal hierarchy 
preferred
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T2K will run until 2028 with 
improvements to beam 
intensity up to 1.3 MW

2028

NOvA will run to 2025 with 
improvements to beam 

intensity up to 0.9 - 1 MW

Collaborations working 
toward a joint fit �34

prospects for 
mid/late 2020s 

~3σ/expt for 
hierarchy and 
CP violation 
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60m

74m

Hyper-Kamiokande Experiment 

Upgrade beam to 1.3 MW 
260 kt far detector 
Expected data taking from 2027 
Exploring possibility of 2nd detector in Korea 

>5σ resolution of mass hierarchy 
>5σ resolution of CP violation �36

Groundbreaking, July 2017

DUNE Experiment 

Upgrade beam to 1.2 then 2 MW 
4x17 kt detector modules with millimeter 
resolution located 4850 feet underground 
Successful prototype program at CERN 
Data taking by ~2027 

>5σ resolution of mass hierarchy 
>5σ resolution of CP violation

�35



Higgs physics
two dimensions to progress: 

(1) seeing new kinds of fundamental coupling (Yukawas, HHH) 
(2) precision

�54
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until 7 years ago none of these 
terms had ever been directly 

observed. 

Discovery of Higgs was start of a 
new chaper in particle physics

Many interactions  
qualitatively new relative to the 
earlier successful probes on the 

SM (gauge) 

and fundamental to nature of our 
universe



Gavin Salam

Up quarks (mass ~ 2.2 MeV) are lighter than  
down quarks (mass ~ 4.7 MeV) 

proton        (up+up+down): 2.2 + 2.2 + 4.7 + … = 938.3 MeV  
neutron (up+down+down): 2.2 + 4.7 + 4.7 + … = 939.6 MeV 

So protons are lighter than neutrons,  
→ protons are stable.  

 
Which gives us the hydrogen atom,  

& chemistry and biology as we know it
�56

neutron  
mass = 939.6MeV

proton  
mass = 938.3MeV

u u
d

u d
d

Why do Yukawa couplings matter?  
(1) Because, within SM conjecture, they’re what give masses to all quarks
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today: no evidence yet  
(1 in 4570 decays) 

observable at the LHC  
within about 10 years.

overall normalisation  
(related to Higgs width): 
needs an e+e– collider✓

✓
✓

today: no evidence yet  
(1 in 35 decays) 
needs an e+e– 
or ep collider

today: no evidence yet  
(1 in 4000 decays) 
no clear route to 
establishing SM 
couplings at 5σ

Yukawas
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by 2030: ~ 4σ evidence for 2nd generation Yukawa (H → μμ)
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EXPLORING THE HIGGS 

8/05/19 PL MCBRIDE - CMS STATUS6

VIEWPOINT

Higgs Decay into Bottom Quarks
Seen at Last
Two CERN experiments have observed the most probable decay channel of the Higgs
boson—a milestone in the pursuit to confirm whether this remarkable particle behaves as
physicists expect.

by Howard E. Haber⇤

Fifty years ago, Steven Weinberg and Abdus Salam
independently proposed a theory for the weak inter-
actions that govern certain nuclear processes such as
radioactive beta decay [1]. The particles that mediate

these interactions, the W and Z bosons, had to be massive
to explain the short-range nature of the weak nuclear force.
But in order to introduce these masses without otherwise

Figure 1: The ATLAS and CMS collaborations at CERN have
observed the decay of the Higgs boson into a pair of bottom
quarks, the particle’s most probable decay channel. (CMS
Collaboration)

⇤Santa Cruz Institute for Particle Physics, University of California,
Santa Cruz, CA, USA

destroying the mathematical consistency of the theory, Wein-
berg and Salam assumed that the W and Z bosons acquire
mass by interacting with an omnipresent field—an idea that
Peter Higgs and a number of other theorists had proposed
earlier [2, 3]. The presence of a “Higgs field” implied the
existence of a new particle [3], the Higgs boson, which, af-
ter decades of searching, was ultimately discovered in 2012
in the debris of proton-proton collisions by the ATLAS and
CMS collaborations at the Large Hadron Collider (LHC) at
CERN [4].

The 2012 discovery was a triumph for particle physics,
but it was also the beginning of a new pursuit: determining
whether physicists have the right picture of how the Higgs
boson interacts with other particles. These interactions make
the Higgs boson highly unstable, causing it to decay into a
number of different possible final states. The CMS and AT-
LAS collaborations have now confirmed a central part of the
current picture by observing the decay of the Higgs boson
into a pair of bottom quarks (Fig. 1)—its most likely fate [5,
6]. Although the Higgs boson decays this way 58% of the
time, the process is much more difficult to observe than some
less probable decay channels.

The weak-interaction theory conceived by Weinberg and
Salam was ultimately subsumed into the standard model of
particle physics [7]. The Higgs mechanism is the linchpin of
this theory, explaining not only the masses of the W and Z

bosons but also providing a way to account for the masses
of the fundamental fermions—the quarks and charged lep-
tons. In the standard model, the fermions couple directly to
the Higgs field via the so-called Yukawa interactions, which
then generate the fermion masses and the couplings of the
fermions to the Higgs boson. Alternatives to the standard
model implementation of the Higgs mechanism exist, but
they are less economical, requiring new layers of complex-
ity to account for the fermion masses we see in nature [8].
Still, experimental data must be the final arbiter.

To test the Higgs mechanism as employed by the standard
model, experimentalists measure the strength of the Higgs
boson interactions with other fundamental particles. The
strength of the Higgs-fermion interaction is proportional
to the fermion mass and is therefore greatest for the top

physics.aps.org c� 2018 American Physical Society 17 September 2018 Physics 11, 91

Over the past 2 years, CMS observed 
Hàbb, Hà!!, and ttH production.

Full run 2 results available for a number 
of analyses; precision takes time.

Now, we are moving towards the second 
generation: Hàµµ, Hàcc,.

Obs.(exp.): 0.9 s (1.0s)

Hàµµ

PhysRevLett.122.021801

Higgs Boson decay to muons

The next frontier: the 2nd generation
• Challenging! Small couplings in the SM and large backgrounds 

• Full Run 2 dataset search for Higgs à µµ

• Perform fit using event categorization and BDTs for discrimination 
• Expected sensitivity: 1.5s, observed 0.8s,  σ(obs) / σ(SM)  = 0.5 ± 0.7
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Higgs field in space

x

yφ
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boson to a pair of b quarks [180], yiedling a 95% CL upper limit on BR(t → Hc) < 0.47%
with an expected sensitivity of 0.44%.

III.4. Higgs boson pair production

Higgs boson pair production in the SM is rare. It is however a very interesting final
state to search in two specific modes: (i) the search for non-resonant production of the
Higgs boson pair and (ii) the search for resonant production of two Higgs bosons in the
decay of a heavier particle.

The measurement of non-resonant Higgs pair production is important for constraining
Higgs self-couplings. In the SM the main non-resonant production mode of two Higgs
bosons in the final state proceeds through a loop (mainly of top quarks) (Fig. 11.5a).
Another production mode is via the trilinear coupling of the Higgs boson (Fig. 11.5b),
whose amplitude is not negligible compared to the former. These diagrams interfere
negatively making the overall production rate smaller than what would be expected in
the absence of a trilinear coupling.

Figure 11.5: Feynman diagrams contributing to Higgs boson pair production
through (a) a top- and b-quark loop and (b) through the self couplings of the Higgs
boson.

III.4.1. Searches for Higgs boson pair production

The searches for Higgs boson pair production both resonant and non-resonant are very
interesting probes for a variety of theories beyond the SM, and can be done in a large
number of Higgs boson decay channels. At Run 1 the ATLAS and CMS collaborations
have searched for both resonant and non resonant Higgs boson pair production in the
following channels: (i) HH → bbγγ [181]; (ii) HH → bbτ+τ− [182]; (iii) HH → bbbb [183];
and (iv) HH → WW ∗γγ [182]. (iv) in final states containing multiple leptons (electrons
or muons) covering the WW ∗WW ∗, WW ∗ZZ∗, ZZ∗ZZ∗, ZZ∗τ+τ−, WW ∗τ+τ−,
ZZ∗bb, τ+τ−τ+τ− channels [184]; (v) γγτ+τ− channels [184].

At Run 2 most of these channels have been updated both by the ATLAS and CMS
collaborations and the results are summarized in Table 11.7.

III.4.2. The Higgs self coupling

The Higgs boson self coupling is an extremely important direct probe of the Higgs
potential with implications on our understanding of the electroweak phase transition.

December 1, 2017 09:35
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II. The standard model and the mechanism of electroweak symmetry breaking

In the SM [3], electroweak symmetry breaking [4] is responsible for generating mass for
the W and Z gauge bosons rendering the weak interactions short ranged. The SM scalar
potential reads:

V (Φ) = m2Φ†Φ + λ(Φ†Φ)2 (11.1)

with the Higgs field Φ being a self-interacting SU(2)L complex doublet (four real degrees
of freedom) with weak hypercharge Y =1 (the hypercharge is normalized such that
Q = T3L + Y/2, Q being the electric charge and T3L the diagonal generator of SU(2)L):

Φ =
1√
2

( √
2φ+

φ0 + ia0

)

, (11.2)

where φ0 and a0 are the CP-even and CP-odd neutral components, and φ+ is the
complex charged component of the Higgs doublet, respectively. V (Φ) is the most
general renormalizable scalar potential and if the quadratic term is negative the neutral
component of the scalar doublet acquires a non-zero vacuum expectation value (VEV)

⟨Φ⟩ =
1√
2

(

0
v

)

, (11.3)

with φ0 = H + ⟨φ0⟩ and ⟨φ0⟩ ≡ v, inducing the spontaneous breaking of the SM gauge
symmetry SU(3)C × SU(2)L × U(1)Y into SU(3)C × U(1)em. The global minimum of
the theory defines the ground state, and spontaneous symmetry breaking implies that
there is a symmetry of the system that is not respected by the ground state. From the
four generators of the SU(2)L × U(1)Y gauge group, three are spontaneously broken,
implying that they lead to non-trivial transformations of the ground state and indicate
the existence of three massless Goldstone bosons identified with three of the four Higgs
field degrees of freedom. The Higgs field couples to the Wµ and Bµ gauge fields associated
with the SU(2)L × U(1)Y local symmetry through the covariant derivative appearing in
the kinetic term of the Higgs Lagrangian,

LHiggs = (DµΦ)†(DµΦ) − V (Φ) , (11.4)

where DµΦ = (∂µ + igσaW a
µ/2 + ig′Y Bµ/2)Φ, g and g′ are the SU(2) and U(1) gauge

couplings, respectively, and σa, a = 1, 2, 3 are the usual Pauli matrices. As a result, the
neutral and the two charged massless Goldstone degrees of freedom mix with the gauge
fields corresponding to the broken generators of SU(2)L × U(1)Y and become, in the
unitarity gauge, the longitudinal components of the Z and W physical gauge bosons,
respectively. The Z and W gauge bosons acquire masses,

m2
W =

g2v2

4
, m2

Z =
(g′2 + g2)v2

4
. (11.5)

The fourth generator remains unbroken since it is the one associated to the conserved
U(1)em gauge symmetry, and its corresponding gauge field, the photon, remains massless.

December 1, 2017 09:35
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Higgs precision today — ATLAS & CMS at ~ 8 - 10% level (theory at 5%)
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ATLAS-CONF-2019-029: γγ channel

CMS HIG-19-001-pas (137fb-1): 4-lepton channel
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Figure 12: Distribution of kinematic discriminants in the mass region 118 < m4` < 130 GeV,
with 2018 data: (left) Dkin

bkg , (middle) DVBF+dec
bkg , (right) DVH+dec

bkg . Points with error bars represent
the data and stacked histograms represent expected distributions of the signal and background
processes. The SM Higgs boson signal with mH = 125 GeV, denoted as H(125), and the ZZ
backgrounds are normalized to the SM expectation, the Z+X background to the estimation
from data. The SM Higgs boson signal is separated into two components: the production
mode which is targeted by the specific discriminant, and other production modes, where the
gluon fusion process dominates.

controlling the contribution of the main SM Higgs boson production modes. The WH and ZH
processes are merged into VH. Contributions of the bb̄H and tH production modes are also
taken into account in the fit. The bb̄H contribution is floated together with gluon fusion and
tH production mode is floated with tt̄H.

The results are reported in Fig. 13 (left) and compared to the expected signal-strength modifiers
in Table 3.

Table 3: Expected and observed signal-strength modifiers with Run 2 data. The observed un-
certainty numbers are broken into statistical (first) and systematic (second) sources.

Expected Observed

µinclusive 1.00+0.08
�0.08(stat.)+0.09

�0.07(syst.) 0.94+0.07
�0.07(stat.)+0.08

�0.07(syst.)

µggH 1.00+0.10
�0.10(stat.)+0.09

�0.07(syst.) 0.97+0.09
�0.09(stat.)+0.09

�0.07(syst.)

µVBF 1.00+0.54
�0.45(stat.)+0.27

�0.14(syst.) 0.64+0.45
�0.36(stat.)+0.16

�0.09(syst.)

µVH 1.00+0.91
�0.72(stat.)+0.29

�0.16(syst.) 1.15+0.89
�0.72(stat.)+0.26

�0.16(syst.)

µtt̄H,tH 1.00+1.16
�0.73(stat.)+0.19

�0.04(syst.) 0.13+0.92
�0.13(stat.)+0.11

�0.00(syst.)

Two signal-strength modifiers µggH, ttH,bb̄H,tH and µVBF,VH are introduced as scale factors for
the fermion and vector-boson induced contribution to the expected SM cross section. A two-
dimensional fit is performed, profiling mH, leading to the measurements of µggH, tt H,bb̄H,tH =

0.96+0.11
�0.12 and µVBF,VH = 0.83+0.29

�0.35.

The 68% and 95% CL contours in the (µggH, tt H,bb̄H,tH, µVBF,VH) plane are shown in Fig. 13
(right).
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processes are merged into VH. Contributions of the bb̄H and tH production modes are also
taken into account in the fit. The bb̄H contribution is floated together with gluon fusion and
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The results are reported in Fig. 13 (left) and compared to the expected signal-strength modifiers
in Table 3.

Table 3: Expected and observed signal-strength modifiers with Run 2 data. The observed un-
certainty numbers are broken into statistical (first) and systematic (second) sources.

Expected Observed

µinclusive 1.00+0.08
�0.08(stat.)+0.09

�0.07(syst.) 0.94+0.07
�0.07(stat.)+0.08

�0.07(syst.)

µggH 1.00+0.10
�0.10(stat.)+0.09

�0.07(syst.) 0.97+0.09
�0.09(stat.)+0.09

�0.07(syst.)

µVBF 1.00+0.54
�0.45(stat.)+0.27

�0.14(syst.) 0.64+0.45
�0.36(stat.)+0.16

�0.09(syst.)

µVH 1.00+0.91
�0.72(stat.)+0.29

�0.16(syst.) 1.15+0.89
�0.72(stat.)+0.26

�0.16(syst.)

µtt̄H,tH 1.00+1.16
�0.73(stat.)+0.19

�0.04(syst.) 0.13+0.92
�0.13(stat.)+0.11

�0.00(syst.)

Two signal-strength modifiers µggH, tt H,bb̄H,tH and µVBF,VH are introduced as scale factors for
the fermion and vector-boson induced contribution to the expected SM cross section. A two-
dimensional fit is performed, profiling mH, leading to the measurements of µggH, tt H,bb̄H,tH =

0.96+0.11
�0.12 and µVBF,VH = 0.83+0.29

�0.35.

The 68% and 95% CL contours in the (µggH, tt H,bb̄H,tH, µVBF,VH) plane are shown in Fig. 13
(right).

nuisance parameters are left free, and the resulting uncertainty is subtracted in quadrature from the total
uncertainty.

The probability of compatibility with the Standard Model is quantified using the test statistic �SM =

�2 ln⇤(↵ = ↵SM), where ↵SM are the Standard Model values of the parameters of interest. A p-value3 pSM
for the probability of compatibility is computed in the asymptotic approximation as pSM = 1 � F�2

n
(�SM),

with n equal to the number of free parameters of interest. For the cross-section and branching fraction
measurements reported in this paper, this definition does not account for the uncertainties in the SM values
used as reference and may therefore lead to an underestimate of the probability of compatibility with the
SM.

Results for expected significances and limits are obtained using the Asimov dataset technique [143].

The correlation coe�cients presented in this paper are constructed to be symmetric around the observed
best-fit values of the parameters of interest using the second derivatives of the negative log-likelihood ratio.
Hence, the correlation matrices shown are not fully representative of the observed asymmetric uncertainties
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 [9]. 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

⇥
Bf

BSM
f

. (2)

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

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.)

3 The p-value is defined as the probability to obtain a value of the test statistic that is at least as high as the observed value under
the hypothesis that is being tested.
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at the reconstruction level. This contribution is treated as background and is referred to as the
“non-fiducial signal” contribution. The shape of these events is verified using simulation to
be identical to the shape of the fiducial signal, and its normalization is fixed to be a fraction
of the fiducial signal component. The value of this fraction, which we denote as fnonfid, has
been determined from simulation for each of the studied signal models. The value of fnonfid for
different signal models is shown in Table 5.

Table 5: Summary of different SM signal models. For all production modes the values given are
for mH = 125 GeV. The uncertainties listed are statistical only, and the statistical uncertainty on
the acceptance is ⇠ 0.001.

Signal process Afid e fnonfid (1 + fnonfid)e

Individual Higgs boson production modes
gg!H (POWHEG) 0.402 ± 0.001 0.592 ± 0.002 0.053 ± 0.001 0.624 ± 0.002
VBF (POWHEG) 0.444 ± 0.002 0.605 ± 0.003 0.043 ± 0.001 0.631 ± 0.003
WH (POWHEG+MINLO) 0.325 ± 0.002 0.588 ± 0.003 0.075 ± 0.002 0.632 ± 0.004
ZH (POWHEG+MINLO) 0.340 ± 0.003 0.594 ± 0.005 0.081 ± 0.004 0.643 ± 0.006
ttH (POWHEG) 0.314 ± 0.003 0.585 ± 0.006 0.169 ± 0.006 0.684 ± 0.007

The integrated fiducial cross section is measured to be sfid. = 2.73+0.30
�0.29 = 2.73+0.23

�0.22(stat.)+0.24
�0.19(syst.) fb

at mH = 125.09 GeV. This can be compared to the SM expectation sSM
fid. = 2.76 ± 0.14 fb. The

integrated fiducial cross section as a function of center-of-mass energy is also shown in Fig. 17.
The measured differential cross section results for pT(H),|y(H)|, N(jets), and pT(jet) can also be
seen in Fig. 17. The dominant sources of systematic uncertainty are the experimental uncertain-
ties in the lepton identification efficiencies and luminosity measurement, and the theoretical
sources of uncertainty are found to be subdominant. In order to asses the model dependence
of the measurement, the unfolding procedure is repeated using different response matrices
created by varying the relative fraction of each SM production mode within its experimental
constraints. The uncertainty is determined to be negligible with respect to the experimental
systematic uncertainties.

11 Summary
Several measurements of Higgs (H) boson production in the four-lepton final state at

p
s =

13 TeV have been presented, using data samples corresponding to an integrated luminosity
of 137.1 fb�1. The measured signal-strength modifier is µ = 0.94+0.07

�0.07(stat.)+0.08
�0.07(syst.) and

integrated fiducial cross section is measured to be sfid. = 2.73+0.23
�0.22(stat.)+0.24

�0.19(syst.) fb. The
signal-strength modifiers for the main H boson production modes are also constrained. Mea-
surements of the simplified template cross sections, designed to quantify the different H boson
production processes in specific regions of phase space, have been measured for the first time
with the Stage 1.1 recommendation. Differential cross sections as a function of the pT and ra-
pidity of the H boson, the number of associated jets, and the pT of the leading associated jet are
determined. All results are consistent, within their uncertainties, with the expectations for the
Standard Model H boson.
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Table 8: The fiducial and total cross sections of Higgs boson production measured in the 4` final state. The fiducial
cross sections are given separately for each decay final state, and for same- and opposite-flavour decays. The inclusive
fiducial cross section is measured as the sum of all final states (�sum), as well as by combining the per-final state
measurements assuming SM Z Z⇤

! 4` relative branching ratios (�comb). For the total cross section (�tot), the
Higgs boson branching ratio at 125 GeV is assumed. The total SM prediction is accurate to N3LO in QCD for the
ggF process. For the fiducial cross section predictions, the SM cross sections are multiplied by the acceptances
determined using the NNLOPS sample for ggF. For all the other production modes, the cross sections from the
samples discussed in Section 3 are added. The p-values indicating the compatibility of the measurement and the SM
prediction are shown as well. They do not include the systematic uncertainty in the theoretical predictions.

Cross section [fb] Data (± (stat.) ± (syst.) ) Standard Model prediction p-value [%]
�4µ 0.84 ±0.12 ±0.03 0.901 ± 0.048 63
�4e 0.63 ±0.17 ±0.04 0.901 ± 0.048 14
�2µ2e 0.74 ±0.15 ±0.04 0.805 ± 0.043 66
�2e2µ 1.03 ±0.15 ±0.03 0.805 ± 0.043 11
�4µ+4e 1.47 ±0.21 ±0.06 1.80 ± 0.10 14
�2µ2e+2e2µ 1.77 ±0.21 ±0.06 1.61 ± 0.09 46
�sum 3.24 ±0.31 ±0.11 3.41 ± 0.18 60
�comb 3.35 ±0.30 ±0.12 3.41 ± 0.18 85

�tot [pb] 54.7 ±4.9 ±2.3 55.7 ± 2.8 85

data are compared to SM expectations constructed from the ggF predictions provided by NNLOPS and
M��G����5_�MC@NLO-FxFx. All samples are normalised to the most accurate SM predictions, as
discussed in Section 3. The shaded bands on the expected cross sections indicate the PDF and scale
uncertainties. The figures include the p-values quantifying the compatibility of the measurement and
the SM predictions and show in addition fitted values of the Z Z normalisation factors. Moreover, the
correlation matrices between the measured cross sections and the Z Z background normalisation factors are
shown in Figure 10(b) and Figure 10(d).
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ATLAS 2019-025 (139fb-1): 4-lepton channel

Table 8: The fiducial and total cross sections of Higgs boson production measured in the 4` final state. The fiducial
cross sections are given separately for each decay final state, and for same- and opposite-flavour decays. The inclusive
fiducial cross section is measured as the sum of all final states (�sum), as well as by combining the per-final state
measurements assuming SM Z Z⇤

! 4` relative branching ratios (�comb). For the total cross section (�tot), the
Higgs boson branching ratio at 125 GeV is assumed. The total SM prediction is accurate to N3LO in QCD for the
ggF process. For the fiducial cross section predictions, the SM cross sections are multiplied by the acceptances
determined using the NNLOPS sample for ggF. For all the other production modes, the cross sections from the
samples discussed in Section 3 are added. The p-values indicating the compatibility of the measurement and the SM
prediction are shown as well. They do not include the systematic uncertainty in the theoretical predictions.

Cross section [fb] Data (± (stat.) ± (syst.) ) Standard Model prediction p-value [%]
�4µ 0.84 ±0.12 ±0.03 0.901 ± 0.048 63
�4e 0.63 ±0.17 ±0.04 0.901 ± 0.048 14
�2µ2e 0.74 ±0.15 ±0.04 0.805 ± 0.043 66
�2e2µ 1.03 ±0.15 ±0.03 0.805 ± 0.043 11
�4µ+4e 1.47 ±0.21 ±0.06 1.80 ± 0.10 14
�2µ2e+2e2µ 1.77 ±0.21 ±0.06 1.61 ± 0.09 46
�sum 3.24 ±0.31 ±0.11 3.41 ± 0.18 60
�comb 3.35 ±0.30 ±0.12 3.41 ± 0.18 85

�tot [pb] 54.7 ±4.9 ±2.3 55.7 ± 2.8 85

data are compared to SM expectations constructed from the ggF predictions provided by NNLOPS and
M��G����5_�MC@NLO-FxFx. All samples are normalised to the most accurate SM predictions, as
discussed in Section 3. The shaded bands on the expected cross sections indicate the PDF and scale
uncertainties. The figures include the p-values quantifying the compatibility of the measurement and
the SM predictions and show in addition fitted values of the Z Z normalisation factors. Moreover, the
correlation matrices between the measured cross sections and the Z Z background normalisation factors are
shown in Figure 10(b) and Figure 10(d).
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ATLAS 2019-032: γγ and 4-lepton channel

Table 8: The fiducial and total cross sections of Higgs boson production measured in the 4` final state. The fiducial
cross sections are given separately for each decay final state, and for same- and opposite-flavour decays. The inclusive
fiducial cross section is measured as the sum of all final states (�sum), as well as by combining the per-final state
measurements assuming SM Z Z⇤

! 4` relative branching ratios (�comb). For the total cross section (�tot), the
Higgs boson branching ratio at 125 GeV is assumed. The total SM prediction is accurate to N3LO in QCD for the
ggF process. For the fiducial cross section predictions, the SM cross sections are multiplied by the acceptances
determined using the NNLOPS sample for ggF. For all the other production modes, the cross sections from the
samples discussed in Section 3 are added. The p-values indicating the compatibility of the measurement and the SM
prediction are shown as well. They do not include the systematic uncertainty in the theoretical predictions.

Cross section [fb] Data (± (stat.) ± (syst.) ) Standard Model prediction p-value [%]
�4µ 0.84 ±0.12 ±0.03 0.901 ± 0.048 63
�4e 0.63 ±0.17 ±0.04 0.901 ± 0.048 14
�2µ2e 0.74 ±0.15 ±0.04 0.805 ± 0.043 66
�2e2µ 1.03 ±0.15 ±0.03 0.805 ± 0.043 11
�4µ+4e 1.47 ±0.21 ±0.06 1.80 ± 0.10 14
�2µ2e+2e2µ 1.77 ±0.21 ±0.06 1.61 ± 0.09 46
�sum 3.24 ±0.31 ±0.11 3.41 ± 0.18 60
�comb 3.35 ±0.30 ±0.12 3.41 ± 0.18 85

�tot [pb] 54.7 ±4.9 ±2.3 55.7 ± 2.8 85

data are compared to SM expectations constructed from the ggF predictions provided by NNLOPS and
M��G����5_�MC@NLO-FxFx. All samples are normalised to the most accurate SM predictions, as
discussed in Section 3. The shaded bands on the expected cross sections indicate the PDF and scale
uncertainties. The figures include the p-values quantifying the compatibility of the measurement and
the SM predictions and show in addition fitted values of the Z Z normalisation factors. Moreover, the
correlation matrices between the measured cross sections and the Z Z background normalisation factors are
shown in Figure 10(b) and Figure 10(d).
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Table 3: The breakdown of uncertainties on the inclusive diphoton fiducial cross section measurement. The
uncertainties from the statistics of the data and the systematic sources a�ecting the signal extraction are shown. The
remaining uncertainties are associated with the unfolding correction factor and luminosity.

Source Uncertainty (%)
Statistics 6.9
Signal extraction syst. 7.9

Photon energy scale & resolution 4.6
Background modelling (spurious signal) 6.4

Correction factor 2.6
Pile-up modelling 2.0
Photon identification e�ciency 1.2
Photon isolation e�ciency 1.1
Trigger e�ciency 0.5
Theoretical modelling 0.5
Photon energy scale & resolution 0.1

Luminosity 1.7
Total 11.0

The inclusive fiducial cross section times the H ! �� branching ratio is measured to be

�fid = 65.2 ± 4.5 (stat.) ± 5.6 (syst.) ± 0.3 (theo.) fb ,

which is within one standard deviation of the default SM prediction of 63.6 ± 3.3 fb [15].

Figure 6 reports the unfolded di�erential cross section as a function of the diphoton kinematics, p��T and
|y�� |. Figures 7 and 8 show the results for the corresponding one for the jet-related observables, Njets, pj1

T ,
m j j and �� j j . The first bin of the pj1

T distribution represents events that do not contain a jet passing the
corresponding fiducial selections.

The unfolded di�erential distributions are compared to the default MC prediction for ggF and X H described
earlier and also to additional theory predictions of ggF production, added to the same X H contributions,
described below. All predictions are modified to include the e�ect of particle-level photon isolation
e�ciency by applying correction factors obtained from the P����� NNLOPS simulation.

The p��T distribution is compared to NNLOJET+SCET [100], which provides predictions using a N3LL
resummation matched to an NNLO fixed-order calculation in the heavy top-quark mass limit. Corrections
are applied for the fiducial selections of the analysis and are obtained from the P����� NNLOPS sample.
The p��T distribution reaches out to 350 GeV, a region where top-quark mass e�ects start to become sizeable.
The statistical errors for the last bin prevent any conclusive statement about the presence of such e�ects
in the data. The inclusive cross section for p��T > 350 GeV is measured to be 0.23 ± 0.14 fb, with the
uncertainty being predominantly statistical, and is in good agreement with the default prediction of about
0.21 fb. A finer binning has been chosen at lower p��T to probe the region where resummation e�ects are
important and to probe the charm quark Yukawa coupling.

The |y�� | distribution is compared to SCET���+MCFM8, which provides predictions for |y�� | at
NNLO+NNLL0' accuracy, derived by applying a resummation of the virtual corrections to the gluon
form factor [101, 102]. The underlying NNLO predictions are obtained using MCFM8 with zero-jettiness
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A likelihood combination of the two decay channels is performed, following the method described in
Ref. [4]. The pT,H binning in the H ! �� analysis is finer than that in the H ! Z Z

⇤ ! 4` analysis. Where
needed, the sum of the respective H ! �� bins is combined with one H ! Z Z

⇤ ! 4` bin. Experimental
and theoretical uncertainties that a�ect both channels are correlated by the implementation of common
nuisance parameters. These include the uncertainties in the integrated luminosity, in the Higgs boson mass
value, in the description of the pileup in the simulation, and in the contributions of the di�erent Higgs
boson production modes. Additionally, the uncertainties in the branching fractions are correlated through
the correlation of the corresponding underlying sources. Finally, the uncertainties in the acceptance and
correction factors due to variations of the modeling of the parton shower are also correlated. All other
uncertainties are treated as uncorrelated. The asymptotic approximation [66] is used when computing the
uncertainties in the cross-section measurements. The validity of this approximation has been verified in
previous analyses by performing pseudo-experiments.

2 Results and Conclusion

The inclusive acceptance factors, relative to the full phase space, are about 50% for the H ! �� channel
and about 49% for the H ! Z Z

⇤ ! 4` channel. In the H ! �� channel, the acceptance factor is about
50% at low pT,H, 45% at intermediate values, and about 75% at high pT,H. In the H ! Z Z

⇤ ! 4` channel,
the acceptance factor varies from about 45% at low pT,H to 65% at high pT,H.

The total Higgs boson production cross section is measured in the H ! �� decay channel to be 56.7+6.4
�6.2 pb

and in the H ! Z Z
⇤ ! 4` channel to be 54.4+5.6

�5.4 pb. Combining the two channels, a result of
55.4+4.3

�4.2 pb ( ±3.1(stat.) +3.0
�2.8(sys.) ) is obtained. All three results are in agreement with the SM prediction

of 55.6 ± 2.5 pb. Figure 1 shows the measured total cross section, together with the cross sections measured
at
p

s = 7 and 8 TeV [67].

The di�erential cross sections as a function of pT,H for the individual channels and their combination
are shown in Figure 2, along with the SM prediction described above. The uncertainty band on the SM
prediction includes PDF and ↵S uncertainties as well as those due to missing higher-order corrections,
obtained following the method described in Ref. [6]. The measurement uncertainty is dominated by the
statistical component. The background modeling uncertainty in the H ! �� analysis is the main source of
systematic uncertainty, followed by the luminosity estimate.

The measurements in the two decay channels are found to be compatible with a p-value of 76% for the
total cross section and 11% for the pT,H distribution. The combined measurements are compatible with the
SM predictions with a p-value of 96% for the total cross section and 78% for the pT,H distribution. Both
compatibility checks are performed using a likelihood approach, neglecting the uncertainties in the SM
prediction.
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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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Figure 17: The measured inclusive fiducial cross section in different final states (top left). The
measured fiducial cross section as a function of

p
s (top right). The acceptance is calculated

using POWHEG at
p

s=13 TeV and HRES [63, 65] at
p

s=7 and 8 TeV and the total gluon fusion
cross section and uncertainty are taken from Ref. [32]. The fiducial volume for

p
s=6–9 TeV uses

the lepton isolation definition from Ref. [21], while for
p

s=12–14 TeV the definition described
in the text is used. The results of the differential cross section measurement for pT(H) (middle
left), |y(H)| (middle right) and N(jets) (bottom left), pT of the leading jet (bottom right). The ac-
ceptance and theoretical uncertainties in the differential bins are are calculated using POWHEG.
The sub-dominant component of the the signal (VBF + VH + tt̄H) is denoted as XH.
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Figure 1: Total pp ! H + X cross sections measured at center-of-mass energies of 7, 8, and 13 TeV, compared to
Standard Model predictions. The H ! �� channel (red triangles), H ! Z Z

⇤ ! 4` channel (green squares) and
combined (black dots) measurements are shown. The individual channel results are o�set along the x-axis for display
purposes. The grey bands on the combined measurements represent the systematic uncertainty, while the error
bars show the total uncertainty. The light blue band shows the estimated uncertainty due to missing higher-order
corrections, and the dark blue band indicates the total uncertainty. The total theoretical uncertainty corresponds to
the higher-order-correction uncertainty summed in quadrature with the sum of the PDF and ↵S uncertainties, and is
partially correlated across values of the center-of-mass energy.
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Figure 1: The relative statistical and systematic uncertainties from various sources for the ab-
solute cross section measurements in bins of pZ

T (upper), |yZ | (middle), and f⇤

h (lower). The left
plots correspond to the dimuon final state and the right plots correspond to the dielectron final
state. The uncertainty in the trigger efficiency is included as part of the lepton identification
uncertainty.
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Table 4: Fiducial cross sections at Born level in the electron- and muon-pair channels as well as the combined value.
The statistical and systematic uncertainties are given as a percentage of the cross section. An additional uncertainty
of 2.8% on the integrated luminosity, which is fully correlated between channels and among all m`` bins, pertains to
these measurements. The individual uncertainty sources after the combination are not necessarily orthogonal and
also do not include uncertainties uncorrelated between bins of m``. Therefore their quadratic sum may not give the
total systematic uncertainty.

m`` [GeV] 12–20 20–30 30–46 46–66 66–116 116–150

�(Z/�⇤ ! e+e�) [pb] 1.42 1.04 1.01 15.16 537.64 5.72
Statistical uncertainty [%] 0.91 1.05 1.13 0.28 0.04 0.41
Detector uncertainty [%] 2.28 2.12 1.79 3.47 0.83 0.87

Background uncertainty [%] 3.16 1.97 2.36 2.77 0.14 0.83
Model uncertainty [%] 5.11 4.38 3.59 1.59 0.16 0.74

Total systematic uncertainty [%] 6.43 5.25 4.66 4.72 0.86 1.41

�(Z/�⇤ ! µ+µ�) [pb] 1.45 1.04 0.97 14.97 535.25 5.48
Statistical uncertainty [%] 0.69 0.82 0.91 0.21 0.03 0.37
Detector uncertainty [%] 1.07 1.08 1.01 1.10 0.71 0.84

Background uncertainty [%] 0.75 2.19 2.00 1.48 0.04 0.97
Model uncertainty [%] 2.59 1.81 2.36 0.75 0.31 0.31

Total systematic uncertainty [%] 2.90 3.04 3.25 2.00 0.78 1.32

�(Z/�⇤ ! `+`�) [pb] 1.45 1.03 0.97 14.96 537.10 5.59
Statistical uncertainty [%] 0.63 0.75 0.83 0.17 0.03 0.31
Detector uncertainty [%] 0.84 0.99 0.87 1.05 0.40 0.56

Background uncertainty [%] 0.18 0.85 1.42 1.28 0.06 0.77
Model uncertainty [%] 1.84 2.24 2.27 0.89 0.19 0.50

Total systematic uncertainty [%] 2.06 2.44 2.38 1.82 0.45 1.03

5 Comparison to QCD predictions

5.1 Overview

The combined Born-level measurements of �⇤⌘ and p``T presented in Section 4 are compared in this section
to a series of theoretical predictions.

A first general comparison is provided by Figure 8. This shows the ratio of the predictions of ResBos
for the Z-boson mass peak and for |y``| < 2.4 to the combined Born-level data for (1/�) d�/d�⇤⌘ and
(1/�) d�/dp``T . In order to allow the features of these two distributions to be compared easily, the scales
on the abscissae in Figure 8 are aligned according to the approximate relationship [21, 69]

p
2mZ�⇤⌘ ⇡ p``T .

The general features of the two distributions in Figure 8 are similar. At low values of �⇤⌘ and p``T , in which
non-perturbative e↵ects and soft-gluon resummation are most important, the predictions from ResBos
are consistent with the data within the assigned theoretical uncertainties. However, at high values of �⇤⌘
and p``T , which are more sensitive to the emission of hard partons, the predictions from ResBos are not
consistent with the data within theoretical uncertainties. Figure 8 illustrates the particular power of �⇤⌘
to probe the region of low p``T . Finer binning is possible in �⇤⌘ than in p``T whilst maintaining smaller
systematic uncertainties from experimental resolution.
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on the abscissae in Figure 8 are aligned according to the approximate relationship [21, 69]

p
2mZ�⇤⌘ ⇡ p``T .

The general features of the two distributions in Figure 8 are similar. At low values of �⇤⌘ and p``T , in which
non-perturbative e↵ects and soft-gluon resummation are most important, the predictions from ResBos
are consistent with the data within the assigned theoretical uncertainties. However, at high values of �⇤⌘
and p``T , which are more sensitive to the emission of hard partons, the predictions from ResBos are not
consistent with the data within theoretical uncertainties. Figure 8 illustrates the particular power of �⇤⌘
to probe the region of low p``T . Finer binning is possible in �⇤⌘ than in p``T whilst maintaining smaller
systematic uncertainties from experimental resolution.

16

ATLAS 8 TeV, 1512.02192

Luminosity uncertainty [%]    2.8
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Luminosity: LHCb is in the lead (at least with 8 TeV data)
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Total L systematics: vdM or BGI - & more 

13 June 2016 W. Kozanecki 

16 

Adapted from ref. [17], Table 14 

 Appdx 

to what extent can (should) luminosity determination be  
transferred & combined between LHC experiments?
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progress in precision will require advances on a whole ecosystem of tools 
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corresponding LHCb plot
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likely progress in PDFs

�68

10 210 310 ( GeV )XM
0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

G
lu

on
-G

lu
on

 L
um

i (
ra

tio
 to

 b
as

el
in

e) Baseline

+ HL-LHC (scen A)

+ HL-LHC (scen C)

=14 TeVsUncertanties in PDF luminosities @ 

10 210 310 ( GeV )XM
0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

Q
ua

rk
-G

lu
on

 L
um

i (
ra

tio
 to

 b
as

el
in

e) Baseline

+ HL-LHC (scen A)

+ HL-LHC (scen C)

=14 TeVsUncertanties in PDF luminosities @ 

10 210 310 ( GeV )XM
0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

Q
ua

rk
-A

nt
iq

ua
rk

 L
um

i (
ra

tio
 to

 b
as

el
in

e)

Baseline

+ HL-LHC (scen A)

+ HL-LHC (scen C)

=14 TeVsUncertanties in PDF luminosities @ 

10 210 310 ( GeV )XM
0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

Q
ua

rk
-Q

ua
rk

 L
um

i (
ra

tio
 to

 b
as

el
in

e) Baseline

+ HL-LHC (scen A)

+ HL-LHC (scen C)

=14 TeVsUncertanties in PDF luminosities @ 

10 210 310 ( GeV )XM
0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

St
ra

ng
e-

An
tiS

tra
ng

e 
Lu

m
i (

ra
tio

 to
 b

as
el

in
e)

Baseline

+ HL-LHC (scen A)

+ HL-LHC (scen C)

=14 TeVsUncertanties in PDF luminosities @ 

10 210 310 ( GeV )XM
0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

St
ra

ng
e-

An
tiU

p 
Lu

m
i (

ra
tio

 to
 b

as
el

in
e)

Baseline

+ HL-LHC (scen A)

+ HL-LHC (scen C)

=14 TeVsUncertanties in PDF luminosities @ 

Figure 4.2. The reduction of the uncertainties in the PDF luminosities at
p
s = 14 TeV once the

HL–LHC pseudo–data has been included, compared to the PDF4LHC15 baseline. We show the gg, qg,
qq̄, qq, ss̄, and sū luminosities for the conservative (A) and optimistic (C) scenarios. The average values
for the PDF uncertainty reduction in di↵erent bins of MX is also reported in Fig. 4.2.

imately between a factor 2 and a factor 5, depending on the specific partonic channel and the
scenario for the systematic errors. For example, for the gluon–gluon luminosity in the range
relevant for Higgs production in gluon fusion, one finds a reduction by almost a factor 4 in the
optimistic scenario. The improvement in the strange–initiated processes is also remarkable, for
example the PDF uncertainties in the ss̄ luminosity are expected to be reduced by a factor 5 (3)
in the optimistic (conservative) scenario. Recall that strange–initiated processes are important
for a variety of LHC analysis, from measurements of MW and sin2 ✓W to searches for BSM W 0

bosons. We also find that the uncertainties in quark–antiquark luminosities, relevant for exam-
ple for precision electroweak measurements, are expected to be reduced by up to a factor 3 in
this invariant mass range.

Similar improvements in the PDF luminosities are found in the high mass region, MX � 1
TeV, directly relevant for BSM searches. For instance, in the optimistic scenario, the PDF error
reduction at higher masses is expected to be as large as a factor 5 for the gluon–gluon luminosity.
Again this is a consequence of the inclusion in the profiling of gluon–dominated processes such as
tt̄ and inclusive jets that at the HL–LHC, which cover the region up to 6 TeV, see Fig. 2.2. The

21

arXiv:0810:03639

up to   reduction in 
uncertainty on partonic 
luminosities (e.g. # of 
quark-antiquark 
collisions) 
relative to today’s PDFs

× 2
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NNLO calculations

�69

2002 2004 2006 2008 2010 2012 2014 2016 2018 2020

W/Z total, H total, Harlander, Kilgore

H total, Anastasiou, Melnikov

H total, Ravindran, Smith, van Neerven

WH total, Brein, Djouadi, Harlander

H diff., Anastasiou, Melnikov, Petriello

H diff., Anastasiou, Melnikov, Petriello

W diff., Melnikov, Petriello

W/Z diff., Melnikov, Petriello

H diff., Catani, Grazzini

W/Z diff., Catani et al.

VBF total, Bolzoni, Maltoni, Moch, Zaro
WH diff., Ferrera, Grazzini, Tramontano

γ-γ, Catani et al.
Hj (partial), Boughezal et al.
ttbar total, Czakon, Fiedler, Mitov

Z-γ, Grazzini, Kallweit, Rathlev, Torre
jj (partial), Currie, Gehrmann-De Ridder, Glover, Pires

ZZ, Cascioli it et al.
ZH diff., Ferrera, Grazzini, Tramontano
WW , Gehrmann et al.
ttbar diff., Czakon, Fiedler, Mitov

Z-γ, W-γ, Grazzini, Kallweit, Rathlev
Hj, Boughezal et al.
Wj, Boughezal, Focke, Liu, Petriello
Hj, Boughezal et al.
VBF diff., Cacciari et al.
Zj, Gehrmann-De Ridder et al.
ZZ, Grazzini, Kallweit, Rathlev
Hj, Caola, Melnikov, Schulze

Zj, Boughezal et al.
WH diff., ZH diff., Campbell, Ellis, Williams
γ-γ, Campbell, Ellis, Li, Williams
WZ, Grazzini, Kallweit, Rathlev, Wiesemann
ptZ, Gehrmann-De Ridder et al.
WW , Grazzini et al.
MCFM at NNLO, Boughezal et al.
single top, Berger, Gao, C.-Yuan, Zhu
HH, de Florian et al.
ptH, Chen et al.
ptZ, Gehrmann-De Ridder et al.
jj, Currie, Glover, Pires
γX, Campbell, Ellis, Williams
γj, Campbell, Ellis, Williams
VH, H->bb, Ferrera, Somogyi, Tramontano
single top, Berger, Gao, Zhu
HHZ, Li, Li, Wang
DIS jj, Žlebčík et al.
VH, H->bb, Caola, Luisoni, Melnikov, Roentsch
ptW, Gehrmann-De Ridder et al.
VBF diff., Cruz-Martinez, Gehrmann, Glover, Huss

Wj, Zj, Gehrmann-De Ridder et al.
ttbar total, Catani et al.
γj, Chen et al.

H->bbj, Mondini, Williams
ttbar diff., Catani et al.

QCD theory precision is crucial to our ability to  
interpret increasingly precise experimental results
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The dawn of N3LO
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➡ Bands of of the same size 
and do not overlap!

➡ Central value shifts by a 
few %.

➡ Needs further study:
- Different scale/PDF choices?
- Missing N3LO PDFs?
- Z-boson contribution?

[CD, Dulat, Mistlberger (2019, to appear)]

p p ! �⇤ +X ! e+ e� +X
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Claude Duhr @ EPS-HEP 2019

Outline

• Virtual corrections require the integration over momentum of 
unresolved particle. 
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Looking beyond the 2020s
the decisions of the next years may well set the course for our 

field for the next few decades 

�71
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Summary	of	National	Inputs																											S.	Bethke		(MPP	Munich)																												ESPP	Symposium,	Granada,	15	May	2019 �4
UB

Possible	scenarios	of	future	colliders

2020 2070

HL-LHC:	13	TeV	3-4	ab-1		

20402030

FCC	hh:	100	TeV	20-30	ab-1

HE-LHC:	27	TeV	10	ab-1		

2050 2060

CLIC:	380	GeV	
1.5	ab-1

Ja
pa
n

	C
ER

N

ILC:	250	GeV		
2	ab-1

CepC:	90/160/240	GeV	
16/2.6/5.6	ab-1	

500	GeV	
4	ab-1

FCC-ee:		
90/160/250	GeV		
150/10/5	ab-1	

FCC	hh:	100	TeV	20-30	ab-1		

Ch
in
a SppC	aim	similar	to	FCC-hh	

LHeC:	1.2TeV	
0.25-1	ab-1© FCC-eh:	3.5	TeV	2	ab-1

Proton	collider
Electron		collider
Electron-Proton		collider

2080

Construction/Transformation

7	years

10	years

11	years

8	years

2090
13/05/2019

350-365	GeV		
1.7	ab-1	

1.5	TeV	
2.5		ab-1

3	TeV	
5		ab-1

9	years

20km	tunnel	

100km	tunnel	

100km	tunnel	

11	km	tunnel	
29	km	tunnel	 50	km	tunnel	

FCC	hh:	150	TeV	≈20-30	ab-1		
11	years

15	years

1	TeV	
≈	4-5.4	ab-1

31km	tunnel	 40	km	tunnel	

100km	tunnel	

4	years

8	years

8	years

8	years

6	years2	years

Preparation

5	years

Granada, Open Symposium - Update of the European Strategy for Particle Physics (S. Bethke) 
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Future High Energy Circular e+e- Collider using Energy-Recovery Linacs 
Vladimir N Litvinenko1,2, Thomas Roser2 and Maria Chamizo Llatas3 

1 Department of Physics and Astronomy, Stony Brook University, Stony Brook, NY, USA 
2 Collider-Accelerator Department, Brookhaven National Laboratory, Upton, NY, USA 

2 Nuclear and Particle Physics Directorate, Brookhaven National Laboratory, Upton, NY, USA 
 

In this paper we present alternative approach for Future Circular electron-positron 
Collider. Current 100 km circumference design with the top CM energy of 365 GeV 
(182.5 GeV beam energy) is based on two storage rings to circulate colliding beams 
[1-2]. One of the ring-ring design shortcomings is enormous power consumption 
needed to compensate for 100 MW of the beam energy losses for synchrotron 
radiation. We propose to use energy recovery linac located in the same tunnel to 
mitigate this drawback. We show in this paper that our approach would allow a 
significant – up to an order of magnitude – reduction of the beam energy losses 
while maintaining high luminosity in this collider at high energies. Furthermore, 
our approach would allow to extend CM energy to 500 GeV (or above), which is 
sufficient for double-Higgs production.  

 
Introduction. The current ring-ring design of the Future Circular electron-positron Collider (FCC 
ee) (see[1-3,6] and references therein) aims to achieve the top CM energy of 365 GeV with a 
luminosity of 1.5-3x1034 cm-2s-1 using 100 MW of RF power compensating for the synchrotron 
radiation of the electron and position beams, which likely would result in a wall-plug AC power 
of 200MW. At lower energies, with the same level of RF power, the FCC ee luminosity would 
grow approximately as E-3.6. While the ring-ring FCC ee promises a very high luminosity of 
4.5x1036 cm-2s-1 at CM energy of 91.3 GeV, it drops more than two orders of magnitude to 3x1034 
cm-2s-1 at CM energy of 365 GeV. 

In this paper we propose another approach to the FCC ee based on colliding electron and 
positron beams accelerated and decelerated in an Energy-Recovery Linac (ERL) located in the 
same FCC tunnel with 100 km circumference. Our approach is a natural extension of that 
developed for an ERL-based electron-ion collider at Brookhaven National Laboratory (eRHIC) 
where a 20 GeV electron beam collides with a 275 GeV proton beam [4-5]. Use of this approach 
indicates that an ERL-based FCC ee can reach significantly higher energy as well as higher 
luminosity, when compared with the existing ring-ring design, while significantly reducing the 
required RF power.  
ERL-based FCC ee scheme. The relation between the required RF power to compensate for the 
beam energy losses from synchrotron radiation in an accelerator is 

      (1) 

where  are synchrotron radiation (SR) beam energy losses by electrons and positrons 
(e is the charge of positron) and are the electron and positron beam currents. The collider 
luminosity is then given by 

PSR =VSRe− Ie− +VSRe+ Ie+

eVSRe− ,eVSRe+
Ie− , Ie+

ar
Xi

v:
19

09
.0

44
37

how do we balance the need to settle long-term plans with the 
potential for new ideas to change the landscape of options?



Conclusions
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I personally expect supersymmetry to be 
discovered at the LHC

-a Nobel prize-winning  
theorist [2008]
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http://cerncourier.com/cws/article/cern/35456
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What can we hope to know by the end of 2020’s
➤ fate of anomalies: flavour & muon g-2 
➤ neutrinos: much more complete picture including mass hierarchy 
➤ Higgs 

➤ below 5% for inclusive Higgs → we’ll see how we’re doing with systematics… 
➤ H → μμ @ 4σ  
➤ high-pT Higgs 

➤ direct new-physics reach → increased especially for more weakly coupled states 
➤ innovative small experiments, e.g. for axion searches 
➤ continued “encroachment” of LHC experiments on each other’s territory (including 

heavy-ion collisions) & the transition of LHC to a precision machine 
➤ We will have a picture of the future landscape of HEP (we must settle our differences…)
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Scope for surprises?
➤ The LHC experiments probably cover O(1000) different channels  

(cf. the 704 of the general search) with O( ) more data 

➤ Probably O(100) additional channels / regions covered by other experiments 

We’re giving ourselves a good chance of gaining direct clues about the big 
“unanswered” questions. 

But whether or not we discover “new physics”, we are making advances.  
Knowledge of the SM’s range of validity & confidence in our understanding of its 

fundamental interactions is a legacy in its own right.

30 ×
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