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Target 

•  Identify all topics we like to address (draft text available)  

•  Give statements as input for the final recommendations 
from the Netherlands, starting from the VISTA25 output  

•  WG: Quark and lepton flavor and plasma  
–  B-physics:  LHCb II upgrade, Belle II,  

–  Muon collider:  MEG II, MU2e, g-2,  

–  Rare Kaon Decay:  NA62, KOTO,  

–  Heavy Ion:  ALICE 

–  Acc. Neutrino:  DUNE, SHIP  
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Outline 

•  Starting point: Vista25      (copy-paste) 

•  The playing field 

•  The future: Nikhef priorities 

 
Previous discussions: 

–  2012 Texel I: http://agenda.nikhef.nl/conferenceOtherViews.py?view=standard&confId=1793 

–  2014 Texel II: http://agenda.nikhef.nl/conferenceDisplay.py?confId=2691 

–  2017 Vista25: https://indico.nikhef.nl/event/638/other-view?view=cdsagenda 
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Vista25: output 

•  LHCb 
–  Study CP violation in B decays, test the CKM paradigm 

–  Search for rare decays, in particular Bd → µ+µ- and Bs → µ+µ- 

–  Search for long lived particles 

–  Perform lepton non-universality and lepton flavor violation tests 

–  Contribute to detector upgrades for LS2: VELO pixel detector, Scintillating 
Fiber Tracker, High Level Trigger  

•  ALICE 
–  Determine the elliptic flow of identified particles 

–  Study the energy loss of partons in the quark-gluon plasma 

–  Measure heavy-quark production 

–  Design and build inner silicon tracking detector for installation in LS2  

•  GOALS OF HL-LHC BEYOND 2022  
–  Utilize the rich ATLAS, LHCb and ALICE physics potential of the HL-LHC 
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LHC → LHCB

Th e ambition of the LHCb collaboration is to 
further extend the physics programme to 

become a truly general-purpose experiment in 
the forward direction. To pursue, at the same time, 

fl avour physics at the intensity frontier and to widen 
the programme further to include QCD, electroweak 

and heavy-ion physics, the LHCb upgrade detector 
will be enhanced to operate at a factor of fi ve higher 

collision rates. While the upgrade detector is currently 
under construction, an ambitious project is currently on 

the drawing table to exploit forward physics during the 
HL-LHC era. Th e Nikhef group intends to keep a prominent 

role in the detector upgrade projects. Th e group has taken a 
leading role in (1) constructing parts of the VELO pixel 

detector, (2) building and designing elements of the Scintillating 
Fiber Tracker, and (3) designing the High-Level Trigger. 

Th ese contributions of Nikhef to the LHCb detector upgrades are 
described in the following.

1 Th e construction of half of the VELO detector-modules will take place at 
Nikhef and is expected to start in the winter of 2017-2018. Nikhef also 
constructs the vacuum encapsulation of the new detector (the “RF-box”), 
of which a prototype to encapsulate the fi rst detector-half has already 
been produced. Th e VeloPix readout chip, required for the 40-MHz 
read-out, has been designed by Nikhef in collaboration with CERN, and 
will be further commissioned. 

2 For the Scintillating Fiber Tracker, Nikhef designs and constructs the 
end-pieces of the detector modules that include the so-called cold-box 
and front-end electronics box. In the cold-box, the SiPM detectors 
will be operated at a temperature below -40oC to keep dark currents 
suffi  ciently low. In addition, 20% of the 5-m-long detector modules of 
the tracker will be produced in the main Nikhef cleanroom facility. 
For the read-out system, Nikhef designs the master board hosting the 
data serializers and transmitters. 

3 Th e upgrade High-Level Trigger will scale to systems with many cores, 
requiring so-called multi-threaded operation and dynamic scheduling. 
Nikhef has contributed the Gaudi Functional design, which enforces 
individual algorithms to be implemented thread-safe. In addition, Nikhef 
has led the way by demonstrating how to utilize vector units, which are 
crucial to attain the performance required for the upgrade. 

Th e physics analysis strategy of Nikhef is on the one hand of a 
long-term nature, while on the other hand it is subject to constant evaluation 
and updates when new funding resources are obtained. For the remainder 
of the LHC Run-1 data taking, we will continue to perform CP-violation 
measurements, albeit enriched with new decay channels, including Penguin 
control studies with the help of the Nikhef theory group. Th e topic of very 
rare decays and fl avour violating decays will be further exploited focusing 
on the relative rate of Bd→ μ+μ- and Bs→ μ+μ- events, adding a precision 
measurement of the eff ective lifetime observable, and on searches for 
fl avour-violating rare decays. For semileptonic decays, our focus will shift  
from measurements of CP-violation to lepton non-universality tests. Finally, 
the search of long-lived particles will be continued through the NWO-Vici 
funding scheme11. At the same time we will venture into new and improved 
tracking, vertex and jet-reconstruction algorithms.

LHCB GOALS 
2017-2022:

 ≥ Study CP violation in B decays, test the CKM paradigm
 ≥ Search for rare decays, in particular Bd → μ+μ- 

and Bs → μ+μ-

 ≥ Perform lepton non-universality tests
 ≥ Contribute to detector upgrades for LS2: VELO pixel 

detector, Scintillating Fiber Tracker, High Level Trigger

11  Vici is an excellence-based personal grant, part of NWO’s Veni-Vidi-Vici Talent Scheme. It gives senior researchers 
 the opportunity to build up their own research group, often in anticipation of a tenured professorship.
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MISSION

To search for new particles and 

interactions that affect the 

observed matter-antimatter 

asymmetry in the universe, 

by making precision 

measurements of 

B-meson decays. 
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LHC → ALICE

Th e physics programme of 
ALICE is clearly defi ned for the 

coming period. Measurements to be 
performed are: (1) the elliptic fl ow of 

a variety of identifi ed particles as a 
function of momentum and collision 

centrality, (2) the energy loss of partons 
via suppression of inclusive hadrons and 

correlations of hadron pairs and via the 
modifi cation of jets, and (3) heavy-quark 

production via charmed and bottom hadron 
reconstruction and via their decay electrons, 

including the elliptic fl ow and energy loss of 
those particles carrying heavy fl avour. Elliptic 

fl ow is sensitive to pressure gradients in the initial 
state and thus probes the equation of state. 

Performing the measurement with identifi ed hadrons 
provides important mass-dependent information, 

which constrains the fl uid velocities in the fi nal state. 
Jets and heavy quarks are produced in hard scatterings in 

the initial collision and probe the medium density as they 
propagate outwards. 

To make full use of the future high luminosity in heavy-ion collisions, 
the ALICE collaboration has proposed a strategy for upgrading the central 
ALICE detector. As a result of this upgrade, the interaction rate will be 
almost two orders of magnitude larger than what ALICE is currently able 
to handle. For many of our observables, traditional methods for triggering 
cannot be used. Th e upgraded ALICE detector must therefore be able to 
record every collision, which amounts to about 1010 interactions and an 
integrated luminosity of 10 nb-1. Th is large sample of recorded events will 
allow us to perform the measurements pursued at Nikhef with suffi  cient 
statistical accuracy.

In addition to the increased luminosity, a signifi cant improvement in 
the reconstruction of heavy quarks is required for our physics programme. 
Th is is achieved by improving the accuracy of the measured distance-of-
closest approach between a particle track and the primary vertex. For this 
purpose, a new, high-resolution, low-material-thickness Inner Tracking 
System will be built. Detailed simulations have shown that the improvement 
in the secondary-vertex resolution, together with the signifi cant increase in 
statistics are suffi  cient to address the main questions about heavy-fl avour 
thermalization and in-medium energy loss.

Over the next years, we will develop the tools and fi nalize the design 
for the inner silicon tracking detector and build part of it at Nikhef and 
Utrecht University. Aft er the next large shutdown LS2 (around 2021) we 
will start to collect data with this new detector until the next long shutdown 
(LS3, probably starting in 2024 and likely to last 2-3 years, all depending on 
how well the LHC operates). Th is will provide a wealth of new data and will 
allow us to better answer many of the open questions in our fi eld. Th e Nikhef 
group is currently well positioned to take advantage of this opportunity and 
maximize the output of our investment. For the period aft er the long 
shutdown of 2025 we will additionally pursue a possible detector upgrade for 
the ALICE experiment that aims to measure the eff ects of gluon saturation. 
A forward electromagnetic calorimeter, which is currently being studied, is 
likely the optimal detector for such an upgrade. For this detector, we are 
collaborating within the CALICE detector R&D collaboration.

ALICE GOALS 
2017-2022:

 ≥ Determine the elliptic flow of identified particles
 ≥ Study the energy loss of partons in the quark-gluon 

plasma
 ≥ Measure heavy-quark production
 ≥ Design and build inner silicon tracking detector for 

installation in LS2
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MISSION

To study the physics of strongly interacting 

matter at extreme energy densities, where the 

formation of a new phase of matter, the quark-

gluon plasma, is expected. Particles and jets 

produced in collisions of heavy nuclei are 

measured in detail (and compared to 

proton-proton collisions) and phenomena 

such as elliptic- flow and correlations 

of charmed hadrons or di-jets are 

studied. 
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NEW RESEARCH THEMES

With the consolidation of the experimental portfolio, the fertilization 
of the science drivers between the experiments will obtain further attention. 
Currently, the scientifi c programmes of Nikhef function rather independently 
and opportunities to mutually enforce and create synergy are sometimes 
missed. For the next period, Nikhef will initiate a number of in-house 
‘research themes’ to increase the scientifi c cohesion of the research 
programmes. Scientifi c staff  members will be associated to each of these 
themes to initiate discussions and prepare scientifi c output with support from 
a modest number of dedicated PhD students and postdocs. 

NEW RESEARCH 
THEMES GOALS 
2017-2022:

 ≥ Initiate the theme 'Neutrino Physics' to increase 
the cohesion between the Nikhef KM3NeT, DUNE 
and Auger activities.

 ≥ Initiate the theme 'Dark Matter' to increase the 
cohesion between ATLAS, LHCb, XENON1T/nT and 
KM3NeT programme activities.

 ≥ Initiate the theme "Global fits to HEP data" to 
investigate the cohesion of various Standard 
Model measurements like the old LEP results and 
recent ATLAS, LHCb and XENON results.

OPPORTUNITIES BEYOND 2022

Th e future of Nikhef is linked to that of CERN; the extremely 
successful international accelerator laboratory with an ambitious ‘post-LHC’ 
future. We fi nd it worth noticing that, in view of the challenges in particle 
physics, Nikhef supports a closer collaboration between CERN and the 
astroparticle physics (APP) community. With the vigour of CERN, 
constructive partnerships will have an immensely positive impact on a 
number of crucial APP experiments. 

Nikhef will substantiate its longer-term future in both accelerator 
physics and astrophysics. We emphasize the High-Luminosity LHC, future 
colliders and the Einstein Telescope in the next section.

OPPORTUNITIES → HIGH-LUMINOSITY LHC

Th e physics programme of the HL-LHC extends as far as 2035. 
During this period, the full physics potential will be exploited, i.e. most 
measurement uncertainties will then be dominated by systematics or limited 
by the beam energy. Th e HL-LHC has the potential to fi nd new particles, 
symmetries or subtle deviations from the Standard Model predictions. 
Th e impact of such discoveries is huge and corresponds to a paradigm shift  
of particle physics. In particular, the full data set of HL-LHC is needed to 
observe the enigmatic Higgs self-coupling.

Nikhef will participate in the ATLAS phase-2 upgrade and HL-LHC 
running. Th e precise amount of Nikhef ’s involvement in the HL-LHC 
upgrades and running of the LHCb and ALICE experiments is still open and 
will be decided at a later stage, based on physics opportunities.

GOALS OF HL-LHC 
BEYOND 2022:

 ≥ Utilize the rich ATLAS, LHCb and ALICE physics 
potential of the HL-LHC

 ≥ Realize the main long-term goals of ATLAS, such 
as a high-precision characterization of the Higgs 
boson, and in particular, the observation of the 
Higgs self-coupling 
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Vista25: Inter-experimental – New Research Themes 
•  NOT explicitly discussed in strategy document but there are 

several points that implicitly require this 
–  Ease the possibility to have inter-experiment activities. Presently very 

difficult with LHC  

•  In particular this is linked to the new themes that are 
suggested to be initiated in the strategy document:  
–  Initiate the theme "Global fits to HEP data" to investigate the cohesion of 

various Standard Model measurements like the old LEP results and recent 
ATLAS, LHCb and XENON results  

–  Initiate the theme 'Neutrino Physics' to increase the cohesion between the 
Nikhef KM3NeT, DUNE and Auger activities.  

–  Initiate the theme 'Dark Matter' to increase the cohesion between ATLAS, 
LHCb, XENON1T/nT and KM3NeT programme activities.  
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Vista25: Status 
•  Flavour physics opportunities  

–  beauty and charm flavour physics:  LHCb Upgrade II, Belle II  

–  Kaon flavour physics:    KOTO, NA62 

–  Muon flavour physics:   MEGII, Mu2e, g-2  

•  Initiatives currently being explored:  
–  Exploit HL-LHC potential with LHCb Upgrade II (10x Lumi LHCb upgrade I)  

–  Develop pixel detectors with precision time measurement  

•  DUNE 
–  Prepare an extended neutrino physics programme by participating in the protoDUNE 

programme. The DUNE programme itself starts at FermiLab around 2025.  

•  Future of HI 
–  No input from strategy document 

•  SHiP: searching for very weakly interacting long lived particles at SPS  
–  No input from strategy document  
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NEW INITIATIVES

Th e following two initiatives are exploratory projects for participation 
in new experiments. Th ey are not (yet) programmes in the Nikhef 
organizational structure. Th e manpower associated with these initiatives at 
this stage is modest, and typically consists of a few (about 3) staff  physicists 
devoting a fraction of their time (about 20%) to these projects, one or two 
full-time PhD students, and limited technical support. Depending on 
international developments, further interest from Nikhef staff , and funding 
opportunities, these projects may grow in the coming years.

NEW → (PROTO)DUNE

Nikhef plans to expand its activities in neutrino physics with activities 
in the Deep Underground Neutrino Experiment (DUNE) aft er 2025. 
Activities on protoDUNE, to test the infrastructure, will already be carried 
out in the coming years.

DUNE is designed as a leading-edge experiment for neutrino science 
and proton decay studies. It will take place at FermiLab and at the Sanford 
Underground Research Facility (SURF) in Lead, South Dakota, with beam 
lines comprising the world's highest-intensity neutrino beam, and the 
infrastructure necessary to support massive, cryogenic far detectors 
(liquid-argon TPCs) installed deep underground, 1300 km downstream 
from the neutrino source. Th e physics programme of DUNE intends to 
measure the CP-violating phase δCP in the Pontecorvo-Maki-Nakagawa-
Sakata mixing matrix to a 10-degrees accuracy, to establish the hierarchy of 
neutrino mass states (normal or inverted) to >5 standard deviations, and to 
accurately determine the mixing angle θ23 and its octant. It will also search for 
anomalous tau neutrino appearance, non-standard interactions, sterile 
neutrinos, and proton decay, and if a supernova explodes within our galaxy 
within the right time window, DUNE will observe hundreds of neutrinos 
from the explosion. A near detector at FermiLab will allow electroweak 
physics research using a very large data sample.

In principle, DUNE relies on proven technology, but at a whole new 
scale. As part of the CERN neutrino platform, protoDUNE at CERN aims to 
test this technology, and will be subjected to SPS test beam in 2018. 
Th e ambition of Nikhef is to improve event reconstruction of neutrino events, 
starting with protoDUNE. Nikhef has proposed to use the FELIX readout 
system, as developed for ATLAS. A proof-of-principle setup is being prepared 
for protoDUNE.

NEW → LEPCOL

Nikhef anticipates participation in an experiment at the International 
Linear Collider (ILC- Japan; the next global e+e- collider; see also the section 
on ‘future colliders’ below), in particular the ILD experiment. Th e physics 
case for a high-energy e+e- collider rests on four pillars: studies of the Higgs 
boson with unprecedented accuracy, precision electroweak physics, studies of 
the top quark, and searches for new phenomena beyond the Standard Model, 
complementary to those at the LHC. 

Within the LEPCOL initiative, Nikhef prepares in fi rst instance for 
high-accuracy data analysis of the Higgs particle decaying into tau leptons. 
A measurement of the coupling of the Higgs particle to the heaviest lepton is 
of great interest, and the reconstruction of tau leptons requires high-accuracy 
tracking and vertexing. A pixelised readout of a TPC could off er excellent 
tracking performance, and Nikhef has started a hardware R&D project in this 
area, building on expertise with GridPix detectors in the Nikhef R&D group.

NEW INITIATIVES 
GOALS 2017-
2022:

 ≥ Prepare an extended neutrino physics programme 
by participating in the protoDUNE programme. 
The DUNE programme itself starts at FermiLab 
around 2025.

 ≥ Prepare for hardware and analysis contributions 
for an experiment at the next linear e+e- collider
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Outline 

•  Starting point: Vista25 

•  The playing field 

•  The future: Nikhef priorities 
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Quarks and Leptons 
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Quarks and Leptons 
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•  Precision measurements to scrutinize the Standard Model 

•  Precision measurements only way to reach very high mass scales 

•  Precision measurements are not yet precise enough 

LQb

ν

τ−

c

Also as far as direct searches are concerned, 3rd gen. LQ are in good shape:

G. Isidori – B-physics anomalies: model building & future implications         LHCb implications, CERN, 10th Nov 2017 

Implications for high-pT physics

Buttazzo, Greljo, GI, Marzocca, '17

ν

b

ν

b

b

ττ

b

N.B.: The single production (for which so far there are no dedicated searches) 
might be the dominant prod. channel

Indirect detection: B0àD+τ-ν Direct detection: LQà b-jet τ - 



Plasma          (Starting Statements from Andre Mischke) 

•  Strongly interacting matter  
–  CERN should keep a leading role in the next decade in the  

–  characterisation of strongly interacting matter under extreme conditions,  

–  Ie. the Quark-Gluon Plasma, which can be studied with high-energy nuclear collisions. 

•  Neutron star equation of state   
–  The Netherlands pursue the measurement of the neutron star equation of state with  

–  gravitational wave observations to gain a profound understanding the microscopic 
physics of dense QCD matter.  

•  Cooperation with  
–  theorists from QCD and  

–  gravitational wave physics is essential and  

–  should be intensified and extended where possible. 
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Outline 

•  Starting point: Vista25 

•  The playing field 

•  The future: Nikhef priorities 
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Quarks: Timeline 
•  LHCb Upgrade I:  2019 

•  LHCb Upgrade II:  2030 

13 

2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 203+ 

Run III Run IV Run V 
LS2 LS3 LS4 
LHCb 40 MHz 

UPGRADE 
L = 2 x 1033 LHCb Consolidation L = 2 x 1033 

50 fb-1 
LHCb  Ph II 
UPGRADE * 

L = 2 x 1034 

300 fb-1 

ATLAS 
Phase I Upgr 

 
L = 2 x 1034 

ATLAS  
Phase II UPGRADE 

HL-LHC 
L = 5 x 1034 

ATLAS HL-LHC 
L = 5 x 1034 

CMS 
Phase I Upgr 

300 fb-1 CMS   
Phase II UPGRADE 

CMS 3000 fb-1 

Belle II 5 ab-1 L = 8 x 1035 50 ab-1 

LHC schedule: Frederick Bordry, Jun 2015 

•  Belle II 
–  L=5x1033 cm-2s-1 achieved 

–  Physics with VXD in 2019 

Current Status : 

Racha Cheaib, University of Mississippi 8 

2016 2017 2018 2019 

Phase 1 Phase 2 Phase 3 

Axion-Like 
particles 

April 2018: Beam collisions with QCS. 
VXD not yet installed 

Expected luminosity: 20 fb-1 

B2TIP, to be submitted to PTEP (2018). 

Early Physics topics: Dark photon searches                                 
Requires low energy single photon trigger 

Tracking only needed to veto backgrounds. 
  

R. Cheaib, Moriond, 12 Mar 2018, arXiv:1802.01366   

EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH (CERN)

CERN-LHCC-2018-027LHCB-PUB-2018-009
27 August 2018

Physics case for an LHCb Upgrade IIOpportunities in flavour physics,and beyond, in the HL-LHC eraThe LHCb collaboration

AbstractThe LHCb Upgrade II will fully exploit the flavour-physics opportunities of the HL-LHC, and study

additional physics topics that take advantage of the forward acceptance of the LHCb spectrometer. The

LHCb Upgrade I will begin operation in 2020. Consolidation will occur, and modest enhancements of the

Upgrade I detector will be installed, in Long Shutdown 3 of the LHC (2025) and these are discussed here.

The main Upgrade II detector will be installed in long shutdown 4 of the LHC (2030) and will build on

the strengths of the current LHCb experiment and the Upgrade I. It will operate at a luminosity up

to 2 ⇥ 1034 cm�2s�1, ten times that of the Upgrade I detector. New detector components will improve

the intrinsic performance of the experiment in certain key areas. An Expression Of Interest proposing

Upgrade II was submitted in February 2017. The physics case for the Upgrade II is presented here in

more depth. CP -violating phases will be measured with precisions unattainable at any other envisaged

facility. The experiment will probe b ! s`+`� and b ! d`+`� transitions in both muon and electron

decays in modes not accessible at Upgrade I. Minimal flavour violation will be tested with a precision

measurement of the ratio of B(B0! µ+µ�)/B(B0
s

! µ+µ�). Probing charm CP violation at the 10�5

level may result in its long sought discovery. Major advances in hadron spectroscopy will be possible,

which will be powerful probes of low energy QCD. Upgrade II potentially will have the highest sensitivity

of all the LHC experiments on the Higgs to charm-quark couplings. Generically, the new physics mass

scale probed, for fixed couplings, will almost double compared with the pre-HL-LHC era; this extended

reach for flavour physics is similar to that which would be achieved by the HE-LHC proposal for the

energy frontier.

c� 2018 CERN for the benefit of the LHCb collaboration. CC-BY-4.0 licence.
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Quarks: LHCb Upgrade II physics case 
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Figure 7.6: Constraints on the di↵erence in the C9 and C10 Wilson coe�cients from electron and
muon modes with (left) Run 3 and (right) Upgrade II data sets. The 3� regions are shown for
the SM (blue), for a vector-axial-vector new physics contribution (red) and for a purely vector
new physics contribution (green).

In the existing LHCb detector, electron modes have an approximately factor five lower2796

e�ciency than the corresponding muon modes, owing to the tendency for the electrons to lose2797

a significant fraction of their energy through bremsstrahlung radiation in the detector. This2798

loss impacts on the ability to reconstruct, trigger and select the electron modes. The precision2799

with which observables can be extracted therefore depends primarily on the electron modes2800

and not the muon modes. In order for RX measurements to benefit from the large Upgrade II2801

data samples, it will be necessary to reduce systematic uncertainties to the percent level. These2802

uncertainties can be controlled by taking a double ratio between RX and the decays B! J/ X,2803

where the J/ decays to µ+µ� and e+e�. This approach is expected to work well, even with2804

very large data sets.2805

Other sources of systematic uncertainty can be mitigated through design choices for the2806

upgraded detector. The recovery of bremsstrahlung photons is inhibited by the ability to2807

find the relevant photons in the ECAL (over significant backgrounds) and by the energy2808

resolution. A reduced amount of material before the magnet would reduce the amount of2809
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background will increase and will need to be controlled with the use of timing information.2813

However, the Run 1 data set indicates that it may be possible to tolerate a factor increase in2814

combinatorial backgrounds without destroying the signal selection ability.2815
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tal and theoretical sides. Our Stage I projection refers
to a time around or soon after the end of LHCb Phase I,
corresponding to an anticipated 7 fb−1 LHCb data and
5 ab−1 Belle II data, towards the end of this decade. The
Stage II projection assumes 50 fb−1 LHCb and 50 ab−1

Belle II data, and probably corresponds to the middle
of the 2020s, at the earliest. Estimates of future experi-
mental uncertainties are taken from Refs. [17, 18, 21, 22].
(Note that we display the units as given in the LHCb and
Belle II projections, even if it makes some comparisons
less straightforward; e.g., the uncertainties of both β and
βs will be ∼ 0.2◦ by Stage II.) For the entries in Ta-
ble I where two uncertainties are given, the first one is
statistical (treated as Gaussian) and the second one is

systematic (treated through the Rfit model [8]). Consid-
ering the difficulty to ascertain the breakdown between
statistical and systematic uncertainties in lattice QCD
inputs for the future projections, for simplicity, we treat
all such future uncertainties as Gaussian.

The fits include the constraints from the measurements
of Ad,s

SL [10, 11], but not their linear combination [23],
nor from ∆Γs, whose effects on the future constraints
on NP studied in this paper are small. While ∆Γs is in
agreement with the CKM fit [10], there are tensions for
ASL [23]. The large values of hs allowed until recently,
corresponding to (M s

12)NP ∼ −2(M s
12)SM, are excluded

by the LHCb measurement of the sign of∆Γs [24]. We do
not consider K mixing for the fits shown in this Section,

[Charles et al., 1309.2293]

CKM fit in 10 years
[Charles et al., 1309.2293]

Stage II: 

- 50 fb-1 of LHCb data

- 50 ab-1 of Belle II data
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Leptons: Timeline 

•  bla 
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Complementarity)of)DUNE)and)ORCA,"the"low"energy"detector"of"KM3NeT:"

(mass"hierarchy)"



Plasma: Timeline 
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Future LHC Program

5

LS1 
2014

LS2 
2019-2020

LS3 
2024-2026

upgrade to full energy 
10 x more data

increase in luminosity 
10x

high luminosity LHC

2015-2018
2026- 
runs:

pA, PbPb, ArAr
2021-2023

Key future measurements to test the heavy-ion standard model and 
understand the perfect liquid from multibody QCD (precision bulk 

observables hand in hand with hard probes)

100 x more data

goals:
jet, dijets, γ-jet, Z-jet, W-jet 

differentially versus centrality, flow plane, pid 
parton transport and energy loss (jets, heavy-flavor) 

color screening quarkonia 
low-mass di-leptons, ρ-spectral function, thermal photons 

saturation, low-x (new detector?) 
t-tbar in heavy-ions 

goals:
jet, dijets, γ-jet, Z-jet 

differentially versus centrality, flow plane, pid 
multi-particle correlations, vn correlations 

parton transport and energy loss (jets, heavy-flavor) 
color screening quarkonia 

low-mass di-leptons, ρ-spectral function, thermal photons 
saturation, low-x 
collectivity in pA 



Nikhef priorities 2025 ? 

5 Oct 2018 17 

Input from the Netherlands on the  
European Strategy for Particle Physics – Update  

From a draft version – please provide feedback to the points raised 
hereunder 

 

Energy and precision frontier 
8)  The successful realization of the High Luminosity LHC is of 

highest priority, including upgraded general purpose 
experiments Atlas and CMS, as well as flavour physics with 
LHCb and heavy-ion physics with Alice.  

11) Any sign of new physics beyond the Standard Model will give 
direction to the future generation of infrastructure. CERN 
should take all measures to optimize this potential and 
intensify the diversity physics program to reach this point. 
–  The Netherlands support the construction of the SHIP experiment  



Nikhef priorities 2025 ? 

Leptons:  
•  DUNE 

–  Priority 

•  SHIP 
–  High risk high gain 

•  Hyper-K 

5 Oct 2018 18 

Quarks:  
•  LHCb UpgradeII 

–  Priority 

•  BelleII 
–  Essential to confirm 

•  NA62, KOTO 
–  Interesting, endorse 

•  BESIII, PANDA 
–  Spectroscopy 

Plasma:  
•  ALICE 

–  Priority 

•  RHIC 

•  GSI 

•  My personal view: 

•  To be clear: my view on the European strategy 
–  Not necessarily Nikhef strategy… 



Discussion points – fundamental questions 
•  Quarks 

1)  Why are there 3 families of quarks (ie. different mass) ? 

2)  Why is there no anti-matter? 

3)  Are there additional electro-weak gauge bosons? 

4)  Can we find evidence for lepton flavour (universality) violation? 

5)  Where are the (NP) flavour changing neutral currents? 

•  Leptons 
1)  Why are there 3 families of leptons? Is there a sterlie neutrino? 

2)  What is the amount of CP violation in the neutrino sector? 

3)  What is the neutrino mass hierarchy? 

4)  Is ν3 mostly νµ or ντ ? 

5)  New ν properties? (Decay? Magn. moment? CPT violation?) 

•  Plasma  
1)  What is interaction strength between quarks and gluons (in plasma phase) ? 

2)  Can a QGP be created in small collision systems, such as p-p and Pb-p ? 
5 Oct 2018 19 



Backup slides 
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Dream Machines (Ch.Quigg) 

5 Oct 2018 21 

From: Chris Quigg, Dream machines, arXiv:1808.06036 



Heavy Flavour = Precision search for NP 

•  Depending on your model, sensitive to multi-TeV scales, eg: 

From Uli Haisch, 31 Aug 2016 

22 

hq parametrizes magnitude  
of NP in Bq mixing 



Heavy Flavour = Precision search for NP 

•  Depending on your model, sensitive to multi-TeV scales, eg: 

Flavour: new-physics scale?
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Flavour: new-physics scale?

From Uli Haisch, 31 Aug 2016 
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µB→µµ is ratio BRexp/BRSM 



LHCb Upgrade II 

24 Sep 2018 arXiv:1808.08865 

•  Physics case for an LHCb Upgrade II 
Opportunities in flavour physics and beyond in the HL-LHC era 

5 Oct 2018 24 

EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH (CERN)

CERN-LHCC-2018-027LHCB-PUB-2018-009
27 August 2018

Physics case for an LHCb Upgrade IIOpportunities in flavour physics,and beyond, in the HL-LHC eraThe LHCb collaboration

AbstractThe LHCb Upgrade II will fully exploit the flavour-physics opportunities of the HL-LHC, and study

additional physics topics that take advantage of the forward acceptance of the LHCb spectrometer. The

LHCb Upgrade I will begin operation in 2020. Consolidation will occur, and modest enhancements of the

Upgrade I detector will be installed, in Long Shutdown 3 of the LHC (2025) and these are discussed here.

The main Upgrade II detector will be installed in long shutdown 4 of the LHC (2030) and will build on

the strengths of the current LHCb experiment and the Upgrade I. It will operate at a luminosity up

to 2 ⇥ 1034 cm�2s�1, ten times that of the Upgrade I detector. New detector components will improve

the intrinsic performance of the experiment in certain key areas. An Expression Of Interest proposing

Upgrade II was submitted in February 2017. The physics case for the Upgrade II is presented here in

more depth. CP -violating phases will be measured with precisions unattainable at any other envisaged

facility. The experiment will probe b ! s`+`� and b ! d`+`� transitions in both muon and electron

decays in modes not accessible at Upgrade I. Minimal flavour violation will be tested with a precision

measurement of the ratio of B(B0! µ+µ�)/B(B0
s

! µ+µ�). Probing charm CP violation at the 10�5

level may result in its long sought discovery. Major advances in hadron spectroscopy will be possible,

which will be powerful probes of low energy QCD. Upgrade II potentially will have the highest sensitivity

of all the LHC experiments on the Higgs to charm-quark couplings. Generically, the new physics mass

scale probed, for fixed couplings, will almost double compared with the pre-HL-LHC era; this extended

reach for flavour physics is similar to that which would be achieved by the HE-LHC proposal for the

energy frontier.

c� 2018 CERN for the benefit of the LHCb collaboration. CC-BY-4.0 licence.
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The	need	for	more	precision
# “Imagine	if	Fitch	and	Cronin	had	stopped	at	the	1%	level,	
how	much	physics	would	have	been	missed”

– A.Soni

# “A	special	search	at	Dubna was	carried	out	by	Okonov and	
his	group.	They	did	not	find	a	single	KL0→π+π– event	
among	600	decays	into	charged	particles	(Anikira et	al.,	
JETP	1962).	At	that	stage	the	search	was	terminated	by	
the	administration	of	the	lab.	The	group	was	unlucky.”

– L.Okun
(remember:	B(KL0→π+π–)	~	2	10–3)

ICHEP	2016	-- I.	Shipsey



Heavy Flavour = Precision search for NP 

5 Oct 2018 26 

•  Historical record of indirect discoveries: 

Particle Indirect Direct 
ν β decay Fermi 1932 Reactor ν-CC Cowan, Reines 1956 

W β decay Fermi 1932 Wàeν UA1, UA2 1983 

c K0àµµ GIM 1970 J/ψ Richter, Ting 1974 

b CPV K0àππ CKM, 3rd gen 1964/72 Υ Ledermann 1977 

Z ν-NC Gargamelle 1973 Zà e+e- UA1 1983 

t B mixing ARGUS 1987 tà Wb D0, CDF 1995 

H e+e- EW fit, LEP 2000 Hà 4µ/γγ CMS, ATLAS 2012 

? What’s next ? ? ? 
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Heavy Flavour = Precision search for NP 
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•  Direct discoveries rightfully higher valued: 

Particle Indirect Direct 
ν β decay Fermi 1932 Reactor ν-CC Cowan, Reines 1956 

W β decay Fermi 1932 Wàeν UA1, UA2 1983 

c K0àµµ GIM 1970 J/ψ Richter, Ting 1974 

b CPV K0àππ CKM, 3rd gen 1964/72 Υ Ledermann 1977 

Z ν-NC Gargamelle 1973 Zà e+e- UA1 1983 

t B mixing ARGUS 1987 tà Wb D0, CDF 1995 

H e+e- EW fit, LEP 2000 Hà 4µ/γγ CMS, ATLAS 2012 
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Flavour physics has a track record… 

ARGUS Coll.  
Phys.Lett.B192:245,1987 

Christenson, Cronin, Fitch, Turlay,  
Phys.Rev.Lett. 13 (1964) 138-140 
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FIG. 1. Plan view of the detector arrangement.

This Letter reports the results of experimental
studies designed to search for the 2m decay of the
K, meson. Several previous experiments have
served"~ to set an upper limit of 1/300 for the
fraction of K2 's which decay into two charged pi-
ons. The present experiment, using spark cham-
ber techniques, proposed to extend this limit.
In this measurement, K,' mesons were pro-

duced at the Brookhaven AGS in an internal Be
target bombarded by 30-BeV protons. A neutral
beam was defined at 30 degrees relative to the

1 1circulating protons by a 1&-in. x 12-in. x 48-in.
collimator at an average distance of 14.5 ft. from
the internal target. This collimator was followed
by a sweeping magnet of 512 kG-in. at -20 ft. .
and a 6-in. x 6-in. x 48-in. collimator at 55 ft. A
1~-in. thickness of Pb was placed in front of the
first collimator to attenuate the gamma rays in
the beam.
The experimental layout is shown in relation to

the beam in Fig. 1. The detector for the decay
products consisted of two spectrometers each
composed of two spark chambers for track delin-
eation separated by a magnetic field of 178 kG-in.
The axis of each spectrometer was in the hori-
zontal plane and each subtended an average solid
angle of 0.7&& 10 steradians. The squark cham-
bers were triggered on a coincidence between
water Cherenkov and scintillation counters posi-
tioned immediately behind the spectrometers.
When coherent K,' regeneration in solid materials
was being studied, an anticoincidence counter was
placed immediately behind the regenerator. To
minimize interactions K2' decays were observed
from a volume of He gas at nearly STP.

Water

The analysis program computed the vector mo-
mentum of each charged particle observed in the
decay and the invariant mass, m*, assuming
each charged particle had the mass of the
charged pion. In this detector the Ke3 decay
leads to a distribution in m* ranging from 280
MeV to -536 MeV; the K&3, from 280 to -516; and
the K&3, from 280 to 363 MeV. We emphasize
that m* equal to the E' mass is not a preferred
result when the three-body decays are analyzed
in this way. In addition, the vector sum of the
two momenta and the angle, |9, between it and the
direction of the K,' beam were determined. This
angle should be zero for two-body decay and is,
in general, different from zero for three-body
decays.
An important calibration of the apparatus and

data reduction system was afforded by observing
the decays of K,' mesons produced by coherent
regeneration in 43 gm/cm' of tungsten. Since the
K,' mesons produced by coherent regeneration
have the same momentum and direction as the
K,' beam, the K,' decay simulates the direct de-
cay of the K,' into two pions. The regenerator
was successively placed at intervals of 11 in.
along the region of the beam sensed by the detec-
tor to approximate the spatial distribution of the
K,"s. The K,' vector momenta peaked about the
forward direction with a standard deviation of
3.4+0.3 milliradians. The mass distribution of
these events was fitted to a Gaussian with an av-
erage mass 498.1+0.4 MeV and standard devia-
tion of 3.6+ 0.2 MeV. The mean momentum of
the K,o decays was found to be 1100 MeV/c. At
this momentum the beam region sensed by the
detector was 300 K,' decay lengths from the tar-
get.
For the K,' decays in He gas, the experimental

distribution in m is shown in Fig. 2(a). It is
compared in the figure with the results of a
Monte Carlo calculation which takes into account
the nature of the interaction and the form factors
involved in the decay, coupled with the detection
efficiency of the apparatus. The computed curve
shown in Fig. 2(a) is for a vector interaction,
form-factor ratio f /f+= 0.5, and relative abun-
dance 0.47, 0.37, and 0.16 for the Ke3, K&3, and
Eg3 respectively. The scalar interaction has
been computed as well as the vector interaction
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1 1circulating protons by a 1&-in. x 12-in. x 48-in.
collimator at an average distance of 14.5 ft. from
the internal target. This collimator was followed
by a sweeping magnet of 512 kG-in. at -20 ft. .
and a 6-in. x 6-in. x 48-in. collimator at 55 ft. A
1~-in. thickness of Pb was placed in front of the
first collimator to attenuate the gamma rays in
the beam.
The experimental layout is shown in relation to

the beam in Fig. 1. The detector for the decay
products consisted of two spectrometers each
composed of two spark chambers for track delin-
eation separated by a magnetic field of 178 kG-in.
The axis of each spectrometer was in the hori-
zontal plane and each subtended an average solid
angle of 0.7&& 10 steradians. The squark cham-
bers were triggered on a coincidence between
water Cherenkov and scintillation counters posi-
tioned immediately behind the spectrometers.
When coherent K,' regeneration in solid materials
was being studied, an anticoincidence counter was
placed immediately behind the regenerator. To
minimize interactions K2' decays were observed
from a volume of He gas at nearly STP.

Water

The analysis program computed the vector mo-
mentum of each charged particle observed in the
decay and the invariant mass, m*, assuming
each charged particle had the mass of the
charged pion. In this detector the Ke3 decay
leads to a distribution in m* ranging from 280
MeV to -536 MeV; the K&3, from 280 to -516; and
the K&3, from 280 to 363 MeV. We emphasize
that m* equal to the E' mass is not a preferred
result when the three-body decays are analyzed
in this way. In addition, the vector sum of the
two momenta and the angle, |9, between it and the
direction of the K,' beam were determined. This
angle should be zero for two-body decay and is,
in general, different from zero for three-body
decays.
An important calibration of the apparatus and

data reduction system was afforded by observing
the decays of K,' mesons produced by coherent
regeneration in 43 gm/cm' of tungsten. Since the
K,' mesons produced by coherent regeneration
have the same momentum and direction as the
K,' beam, the K,' decay simulates the direct de-
cay of the K,' into two pions. The regenerator
was successively placed at intervals of 11 in.
along the region of the beam sensed by the detec-
tor to approximate the spatial distribution of the
K,"s. The K,' vector momenta peaked about the
forward direction with a standard deviation of
3.4+0.3 milliradians. The mass distribution of
these events was fitted to a Gaussian with an av-
erage mass 498.1+0.4 MeV and standard devia-
tion of 3.6+ 0.2 MeV. The mean momentum of
the K,o decays was found to be 1100 MeV/c. At
this momentum the beam region sensed by the
detector was 300 K,' decay lengths from the tar-
get.
For the K,' decays in He gas, the experimental

distribution in m is shown in Fig. 2(a). It is
compared in the figure with the results of a
Monte Carlo calculation which takes into account
the nature of the interaction and the form factors
involved in the decay, coupled with the detection
efficiency of the apparatus. The computed curve
shown in Fig. 2(a) is for a vector interaction,
form-factor ratio f /f+= 0.5, and relative abun-
dance 0.47, 0.37, and 0.16 for the Ke3, K&3, and
Eg3 respectively. The scalar interaction has
been computed as well as the vector interaction
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This Letter reports the results of experimental
studies designed to search for the 2m decay of the
K, meson. Several previous experiments have
served"~ to set an upper limit of 1/300 for the
fraction of K2 's which decay into two charged pi-
ons. The present experiment, using spark cham-
ber techniques, proposed to extend this limit.
In this measurement, K,' mesons were pro-

duced at the Brookhaven AGS in an internal Be
target bombarded by 30-BeV protons. A neutral
beam was defined at 30 degrees relative to the

1 1circulating protons by a 1&-in. x 12-in. x 48-in.
collimator at an average distance of 14.5 ft. from
the internal target. This collimator was followed
by a sweeping magnet of 512 kG-in. at -20 ft. .
and a 6-in. x 6-in. x 48-in. collimator at 55 ft. A
1~-in. thickness of Pb was placed in front of the
first collimator to attenuate the gamma rays in
the beam.
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eation separated by a magnetic field of 178 kG-in.
The axis of each spectrometer was in the hori-
zontal plane and each subtended an average solid
angle of 0.7&& 10 steradians. The squark cham-
bers were triggered on a coincidence between
water Cherenkov and scintillation counters posi-
tioned immediately behind the spectrometers.
When coherent K,' regeneration in solid materials
was being studied, an anticoincidence counter was
placed immediately behind the regenerator. To
minimize interactions K2' decays were observed
from a volume of He gas at nearly STP.

Water

The analysis program computed the vector mo-
mentum of each charged particle observed in the
decay and the invariant mass, m*, assuming
each charged particle had the mass of the
charged pion. In this detector the Ke3 decay
leads to a distribution in m* ranging from 280
MeV to -536 MeV; the K&3, from 280 to -516; and
the K&3, from 280 to 363 MeV. We emphasize
that m* equal to the E' mass is not a preferred
result when the three-body decays are analyzed
in this way. In addition, the vector sum of the
two momenta and the angle, |9, between it and the
direction of the K,' beam were determined. This
angle should be zero for two-body decay and is,
in general, different from zero for three-body
decays.
An important calibration of the apparatus and

data reduction system was afforded by observing
the decays of K,' mesons produced by coherent
regeneration in 43 gm/cm' of tungsten. Since the
K,' mesons produced by coherent regeneration
have the same momentum and direction as the
K,' beam, the K,' decay simulates the direct de-
cay of the K,' into two pions. The regenerator
was successively placed at intervals of 11 in.
along the region of the beam sensed by the detec-
tor to approximate the spatial distribution of the
K,"s. The K,' vector momenta peaked about the
forward direction with a standard deviation of
3.4+0.3 milliradians. The mass distribution of
these events was fitted to a Gaussian with an av-
erage mass 498.1+0.4 MeV and standard devia-
tion of 3.6+ 0.2 MeV. The mean momentum of
the K,o decays was found to be 1100 MeV/c. At
this momentum the beam region sensed by the
detector was 300 K,' decay lengths from the tar-
get.
For the K,' decays in He gas, the experimental

distribution in m is shown in Fig. 2(a). It is
compared in the figure with the results of a
Monte Carlo calculation which takes into account
the nature of the interaction and the form factors
involved in the decay, coupled with the detection
efficiency of the apparatus. The computed curve
shown in Fig. 2(a) is for a vector interaction,
form-factor ratio f /f+= 0.5, and relative abun-
dance 0.47, 0.37, and 0.16 for the Ke3, K&3, and
Eg3 respectively. The scalar interaction has
been computed as well as the vector interaction
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the forward peak after subtraction of background
out of a total corrected sample of 22 700 K,' de-
cays.
Data taken with a hydrogen target in the beam

also show evidence of a forward peak in the cos0
distribution. After subtraction of background,
45+ 10 events are observed in the forward peak
at the K' mass. We estimate that -10 events can
be expected from coherent regeneration. The
number of events remaining (35) is entirely con-
sistent with the decay data when the relative tar-
get volumes and integrated beam intensities are
taken into account. This number is substantially
smaller (by more than a factor of 15) than one
would expect on the basis of the data of Adair
et al. '
We have examined many possibilities which

might lead to a pronounced forward peak in the
angular distribution at the K' mass. These in-
clude the following:
(i) K,' coherent regeneration. In the He gas it

is computed to be too small by a factor of -10' to
account for the effect observed, assuming reason
able scattering amplitudes. Anomalously large
scattering amplitudes would presumably lead to
exaggerated effects in liquid H, which are not
observed. The walls of the He bag are outside
the sensitive volume of the detector. The spatial
distribution of the forward events is the same as
that for the regular K,' decays which eliminates
the possibility of regeneration having occurred
in the collimator.
(ii) K&3 or Ke3 decay. A spectrum can be

constructed to reproduce the observed data. It
requires the preferential emission of the neutrino
within a narrow band of energy, +4 MeV, cen-
tered at 17+ 2 MeV (K&3) or 39+ 2 MeV (Ke3).
This must be coupled with an appropriate angular
correlation to produce the forward peak. There
appears to be no reasonable mechanism which
can produce such a spectrum.
(iii) Decay into w+7t y. To produce the highly

singular behavior shown in Fig. 3 it would be
necessary for the y ray to have an average ener-
gy of less than 1 MeV with the available energy
ext nding to 209 MeV. We know of no physical
process which would accomplish this.
We would conclude therefore that K2 decays to

two pions with a branching ratio R = (K2- w++ w )/
(K,'- all charged modes) = (2.0+ 0.4) && 10 where
the error is the standard deviation. As empha-
sized above, any alternate explanation of the ef-
fect requires highly nonphysical behavior of the
three-body decays of the K,'. The presence of a
two-pion decay mode implies that the K,' meson
is not a pure eigenstate of CI'. Expressed as
K,0=2 "'[(K,-KO)+e(KO+KJ] then I&I'= R&T—IT2
where 7, and T, are the K, and K,' mean lives
and RZ is the branching ratio including decay to
two r'. Using RT = &R and the branching ratio
quoted above, l et =—2.3x 10
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This Letter reports the results of experimental
studies designed to search for the 2m decay of the
K, meson. Several previous experiments have
served"~ to set an upper limit of 1/300 for the
fraction of K2 's which decay into two charged pi-
ons. The present experiment, using spark cham-
ber techniques, proposed to extend this limit.
In this measurement, K,' mesons were pro-

duced at the Brookhaven AGS in an internal Be
target bombarded by 30-BeV protons. A neutral
beam was defined at 30 degrees relative to the

1 1circulating protons by a 1&-in. x 12-in. x 48-in.
collimator at an average distance of 14.5 ft. from
the internal target. This collimator was followed
by a sweeping magnet of 512 kG-in. at -20 ft. .
and a 6-in. x 6-in. x 48-in. collimator at 55 ft. A
1~-in. thickness of Pb was placed in front of the
first collimator to attenuate the gamma rays in
the beam.
The experimental layout is shown in relation to

the beam in Fig. 1. The detector for the decay
products consisted of two spectrometers each
composed of two spark chambers for track delin-
eation separated by a magnetic field of 178 kG-in.
The axis of each spectrometer was in the hori-
zontal plane and each subtended an average solid
angle of 0.7&& 10 steradians. The squark cham-
bers were triggered on a coincidence between
water Cherenkov and scintillation counters posi-
tioned immediately behind the spectrometers.
When coherent K,' regeneration in solid materials
was being studied, an anticoincidence counter was
placed immediately behind the regenerator. To
minimize interactions K2' decays were observed
from a volume of He gas at nearly STP.

Water

The analysis program computed the vector mo-
mentum of each charged particle observed in the
decay and the invariant mass, m*, assuming
each charged particle had the mass of the
charged pion. In this detector the Ke3 decay
leads to a distribution in m* ranging from 280
MeV to -536 MeV; the K&3, from 280 to -516; and
the K&3, from 280 to 363 MeV. We emphasize
that m* equal to the E' mass is not a preferred
result when the three-body decays are analyzed
in this way. In addition, the vector sum of the
two momenta and the angle, |9, between it and the
direction of the K,' beam were determined. This
angle should be zero for two-body decay and is,
in general, different from zero for three-body
decays.
An important calibration of the apparatus and

data reduction system was afforded by observing
the decays of K,' mesons produced by coherent
regeneration in 43 gm/cm' of tungsten. Since the
K,' mesons produced by coherent regeneration
have the same momentum and direction as the
K,' beam, the K,' decay simulates the direct de-
cay of the K,' into two pions. The regenerator
was successively placed at intervals of 11 in.
along the region of the beam sensed by the detec-
tor to approximate the spatial distribution of the
K,"s. The K,' vector momenta peaked about the
forward direction with a standard deviation of
3.4+0.3 milliradians. The mass distribution of
these events was fitted to a Gaussian with an av-
erage mass 498.1+0.4 MeV and standard devia-
tion of 3.6+ 0.2 MeV. The mean momentum of
the K,o decays was found to be 1100 MeV/c. At
this momentum the beam region sensed by the
detector was 300 K,' decay lengths from the tar-
get.
For the K,' decays in He gas, the experimental

distribution in m is shown in Fig. 2(a). It is
compared in the figure with the results of a
Monte Carlo calculation which takes into account
the nature of the interaction and the form factors
involved in the decay, coupled with the detection
efficiency of the apparatus. The computed curve
shown in Fig. 2(a) is for a vector interaction,
form-factor ratio f /f+= 0.5, and relative abun-
dance 0.47, 0.37, and 0.16 for the Ke3, K&3, and
Eg3 respectively. The scalar interaction has
been computed as well as the vector interaction
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This Letter reports the results of experimental
studies designed to search for the 2m decay of the
K, meson. Several previous experiments have
served"~ to set an upper limit of 1/300 for the
fraction of K2 's which decay into two charged pi-
ons. The present experiment, using spark cham-
ber techniques, proposed to extend this limit.
In this measurement, K,' mesons were pro-

duced at the Brookhaven AGS in an internal Be
target bombarded by 30-BeV protons. A neutral
beam was defined at 30 degrees relative to the

1 1circulating protons by a 1&-in. x 12-in. x 48-in.
collimator at an average distance of 14.5 ft. from
the internal target. This collimator was followed
by a sweeping magnet of 512 kG-in. at -20 ft. .
and a 6-in. x 6-in. x 48-in. collimator at 55 ft. A
1~-in. thickness of Pb was placed in front of the
first collimator to attenuate the gamma rays in
the beam.
The experimental layout is shown in relation to

the beam in Fig. 1. The detector for the decay
products consisted of two spectrometers each
composed of two spark chambers for track delin-
eation separated by a magnetic field of 178 kG-in.
The axis of each spectrometer was in the hori-
zontal plane and each subtended an average solid
angle of 0.7&& 10 steradians. The squark cham-
bers were triggered on a coincidence between
water Cherenkov and scintillation counters posi-
tioned immediately behind the spectrometers.
When coherent K,' regeneration in solid materials
was being studied, an anticoincidence counter was
placed immediately behind the regenerator. To
minimize interactions K2' decays were observed
from a volume of He gas at nearly STP.

Water

The analysis program computed the vector mo-
mentum of each charged particle observed in the
decay and the invariant mass, m*, assuming
each charged particle had the mass of the
charged pion. In this detector the Ke3 decay
leads to a distribution in m* ranging from 280
MeV to -536 MeV; the K&3, from 280 to -516; and
the K&3, from 280 to 363 MeV. We emphasize
that m* equal to the E' mass is not a preferred
result when the three-body decays are analyzed
in this way. In addition, the vector sum of the
two momenta and the angle, |9, between it and the
direction of the K,' beam were determined. This
angle should be zero for two-body decay and is,
in general, different from zero for three-body
decays.
An important calibration of the apparatus and

data reduction system was afforded by observing
the decays of K,' mesons produced by coherent
regeneration in 43 gm/cm' of tungsten. Since the
K,' mesons produced by coherent regeneration
have the same momentum and direction as the
K,' beam, the K,' decay simulates the direct de-
cay of the K,' into two pions. The regenerator
was successively placed at intervals of 11 in.
along the region of the beam sensed by the detec-
tor to approximate the spatial distribution of the
K,"s. The K,' vector momenta peaked about the
forward direction with a standard deviation of
3.4+0.3 milliradians. The mass distribution of
these events was fitted to a Gaussian with an av-
erage mass 498.1+0.4 MeV and standard devia-
tion of 3.6+ 0.2 MeV. The mean momentum of
the K,o decays was found to be 1100 MeV/c. At
this momentum the beam region sensed by the
detector was 300 K,' decay lengths from the tar-
get.
For the K,' decays in He gas, the experimental

distribution in m is shown in Fig. 2(a). It is
compared in the figure with the results of a
Monte Carlo calculation which takes into account
the nature of the interaction and the form factors
involved in the decay, coupled with the detection
efficiency of the apparatus. The computed curve
shown in Fig. 2(a) is for a vector interaction,
form-factor ratio f /f+= 0.5, and relative abun-
dance 0.47, 0.37, and 0.16 for the Ke3, K&3, and
Eg3 respectively. The scalar interaction has
been computed as well as the vector interaction

138

VOLUME 1$, NUMBER 4 P H Y SI CAL RE V I E%' LETTERS 27 JULY 1964

EVIDENCE FOR THE 2rr DECAY OF THE Km MESON*1

J. H. Christenson, J. W. Cronin, V. L. Fitch, and R. Turlay~
Princeton University, Princeton, New Jersey

(Received 10 July 1964)

PLAN VIEW

I root

VFEEEPEEEEPz

57 Ft. to =
internal target

Cerenkov

FIG. 1. Plan view of the detector arrangement.

This Letter reports the results of experimental
studies designed to search for the 2m decay of the
K, meson. Several previous experiments have
served"~ to set an upper limit of 1/300 for the
fraction of K2 's which decay into two charged pi-
ons. The present experiment, using spark cham-
ber techniques, proposed to extend this limit.
In this measurement, K,' mesons were pro-

duced at the Brookhaven AGS in an internal Be
target bombarded by 30-BeV protons. A neutral
beam was defined at 30 degrees relative to the

1 1circulating protons by a 1&-in. x 12-in. x 48-in.
collimator at an average distance of 14.5 ft. from
the internal target. This collimator was followed
by a sweeping magnet of 512 kG-in. at -20 ft. .
and a 6-in. x 6-in. x 48-in. collimator at 55 ft. A
1~-in. thickness of Pb was placed in front of the
first collimator to attenuate the gamma rays in
the beam.
The experimental layout is shown in relation to

the beam in Fig. 1. The detector for the decay
products consisted of two spectrometers each
composed of two spark chambers for track delin-
eation separated by a magnetic field of 178 kG-in.
The axis of each spectrometer was in the hori-
zontal plane and each subtended an average solid
angle of 0.7&& 10 steradians. The squark cham-
bers were triggered on a coincidence between
water Cherenkov and scintillation counters posi-
tioned immediately behind the spectrometers.
When coherent K,' regeneration in solid materials
was being studied, an anticoincidence counter was
placed immediately behind the regenerator. To
minimize interactions K2' decays were observed
from a volume of He gas at nearly STP.

Water

The analysis program computed the vector mo-
mentum of each charged particle observed in the
decay and the invariant mass, m*, assuming
each charged particle had the mass of the
charged pion. In this detector the Ke3 decay
leads to a distribution in m* ranging from 280
MeV to -536 MeV; the K&3, from 280 to -516; and
the K&3, from 280 to 363 MeV. We emphasize
that m* equal to the E' mass is not a preferred
result when the three-body decays are analyzed
in this way. In addition, the vector sum of the
two momenta and the angle, |9, between it and the
direction of the K,' beam were determined. This
angle should be zero for two-body decay and is,
in general, different from zero for three-body
decays.
An important calibration of the apparatus and

data reduction system was afforded by observing
the decays of K,' mesons produced by coherent
regeneration in 43 gm/cm' of tungsten. Since the
K,' mesons produced by coherent regeneration
have the same momentum and direction as the
K,' beam, the K,' decay simulates the direct de-
cay of the K,' into two pions. The regenerator
was successively placed at intervals of 11 in.
along the region of the beam sensed by the detec-
tor to approximate the spatial distribution of the
K,"s. The K,' vector momenta peaked about the
forward direction with a standard deviation of
3.4+0.3 milliradians. The mass distribution of
these events was fitted to a Gaussian with an av-
erage mass 498.1+0.4 MeV and standard devia-
tion of 3.6+ 0.2 MeV. The mean momentum of
the K,o decays was found to be 1100 MeV/c. At
this momentum the beam region sensed by the
detector was 300 K,' decay lengths from the tar-
get.
For the K,' decays in He gas, the experimental

distribution in m is shown in Fig. 2(a). It is
compared in the figure with the results of a
Monte Carlo calculation which takes into account
the nature of the interaction and the form factors
involved in the decay, coupled with the detection
efficiency of the apparatus. The computed curve
shown in Fig. 2(a) is for a vector interaction,
form-factor ratio f /f+= 0.5, and relative abun-
dance 0.47, 0.37, and 0.16 for the Ke3, K&3, and
Eg3 respectively. The scalar interaction has
been computed as well as the vector interaction
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the forward peak after subtraction of background
out of a total corrected sample of 22 700 K,' de-
cays.
Data taken with a hydrogen target in the beam

also show evidence of a forward peak in the cos0
distribution. After subtraction of background,
45+ 10 events are observed in the forward peak
at the K' mass. We estimate that -10 events can
be expected from coherent regeneration. The
number of events remaining (35) is entirely con-
sistent with the decay data when the relative tar-
get volumes and integrated beam intensities are
taken into account. This number is substantially
smaller (by more than a factor of 15) than one
would expect on the basis of the data of Adair
et al. '
We have examined many possibilities which

might lead to a pronounced forward peak in the
angular distribution at the K' mass. These in-
clude the following:
(i) K,' coherent regeneration. In the He gas it

is computed to be too small by a factor of -10' to
account for the effect observed, assuming reason
able scattering amplitudes. Anomalously large
scattering amplitudes would presumably lead to
exaggerated effects in liquid H, which are not
observed. The walls of the He bag are outside
the sensitive volume of the detector. The spatial
distribution of the forward events is the same as
that for the regular K,' decays which eliminates
the possibility of regeneration having occurred
in the collimator.
(ii) K&3 or Ke3 decay. A spectrum can be

constructed to reproduce the observed data. It
requires the preferential emission of the neutrino
within a narrow band of energy, +4 MeV, cen-
tered at 17+ 2 MeV (K&3) or 39+ 2 MeV (Ke3).
This must be coupled with an appropriate angular
correlation to produce the forward peak. There
appears to be no reasonable mechanism which
can produce such a spectrum.
(iii) Decay into w+7t y. To produce the highly

singular behavior shown in Fig. 3 it would be
necessary for the y ray to have an average ener-
gy of less than 1 MeV with the available energy
ext nding to 209 MeV. We know of no physical
process which would accomplish this.
We would conclude therefore that K2 decays to

two pions with a branching ratio R = (K2- w++ w )/
(K,'- all charged modes) = (2.0+ 0.4) && 10 where
the error is the standard deviation. As empha-
sized above, any alternate explanation of the ef-
fect requires highly nonphysical behavior of the
three-body decays of the K,'. The presence of a
two-pion decay mode implies that the K,' meson
is not a pure eigenstate of CI'. Expressed as
K,0=2 "'[(K,-KO)+e(KO+KJ] then I&I'= R&T—IT2
where 7, and T, are the K, and K,' mean lives
and RZ is the branching ratio including decay to
two r'. Using RT = &R and the branching ratio
quoted above, l et =—2.3x 10
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LHC and LHCb 

•  First LHC run: big success 

Run-1 Run-2 Run-3 
Year 2010 - 2012 2015 - 2018 2021 - 2030 
Energy 7-8 TeV 13 TeV 14 TeV 
Lumi 3 fb-1 7 fb-1 50 fb-1 
Nr(B) 1012 3.5x1012 50x1012 
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