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Total Cross Section 
pp → X

• The total cross section at 
√s=13 TeV exceeds 100 mbarn


• Hadrons „like“ to interact via the 
strong interaction; the detailed 
mechanisms are not yet fully 
understood ab initio: what used 
to be Pomeron and Regge-
trajectories are today explained 
as multi-gluon exchange.


• The rise of  has been a 
matter of considerable debate

σtot
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Table 5 The nuclear slope B, the cross sections and their systematic and
statistical uncertainty. The physics quantities are the weighted average
of the DS1 and DS2 measurements

Physics quantity Value Total uncertainty

ρ = 0.14 ρ = 0.1

B [GeV−2] 20.36 5.3 · 10−2 ⊕ 0.18 = 0.19

σtot [mb] 109.5 110.6 3.4

σel [mb] 30.7 31.0 1.7

σinel [mb] 78.8 79.5 1.8

σel/σinel 0.390 0.017

σel/σtot 0.281 0.009

dencies. As can be noted from the Tables referenced above,
such uncertainties are significantly larger, in particular for the
slope and the intercept at t = 0, than the variation induced
by the choice of the fit range, the inclusion of the correlated
systematic uncertainties in the χ2, or due to the deviation
of the slope from a pure exponential [17,20]. In fact, even
the statistical uncertainties alone are an order of magnitude
larger than what is needed to have sensitivity to the expected
deviations from the purely exponential.

Assuming that the exponential parameterization holds
also for |t | < |tmin| the value of dNel/dt |t=0 can be used
to determine the total cross-section using Eq. (7).

The magnitude of the systematic effects at |t | < |tmin| for
the deviations from the pure exponential functional form and
for the Coulomb-nuclear interference, onto the total cross-
section, are known from [17–20] and are well contained in
the quoted systematic uncertainty in the present paper.

The dip region is shown in the right panel of Fig. 3.

3.2 The total cross section

The measurements of the total inelastic rate Ninel and of the
total nuclear elastic rate Nel (with its extrapolation to t = 0,
dNel/dt |t=0) are combined via the optical theorem to obtain
the total cross section in a luminosity independent way

σtot =
16π(h̄c)2

1 + ρ2 · dNel/dt |t=0

Nel + Ninel
, (7)

where the parameter ρ is the ratio of the real to the imaginary
part of the forward nuclear elastic amplitude.

The total cross section measurements of the DS1 and DS2
data sets have been averaged according to their raw inelastic
rate Ninel,obs, which yields

σtot = (110.6 ± 3.4) mb , (8)

when ρ = 0.1 is assumed. The choice of ρ = 0.1 in the
present analysis is motivated by the results given in [19].

From the measured (and fully corrected) ratio of Nel to
Ninel the luminosity- and ρ-independent ratios

σel

σinel
= 0.390 ± 0.017,

σel

σtot
= 0.281 ± 0.009 , (9)

The luminosity independent elastic and inelastic cross sec-
tions are derived by combining their ratio and sum

σel = (31.0 ± 1.7) mb, σinel = (79.5 ± 1.8) mb . (10)

Fig. 4 Overview of
elastic (σel), inelastic (σinel),
total (σtot) cross section for pp
and pp̄ collisions as a function
of

√
s, including TOTEM

measurements over the whole
energy range explored by the
LHC [1–5,7,8,12–
14,17,18,21,23,24,28,30,32].
Uncertainty band on theoretical
models and/or fits are as
described in the legend. The
continuous black lines (lower
for pp, upper for pp̄) represent
the best fits of the total cross
section data by the COMPETE
collaboration [26]. The dashed
line results from a fit of the
elastic cross section data. The
dash-dotted lines refer to the
inelastic cross section and are
obtained as the difference
between the continuous and
dashed fits
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Total Cross Section and 
Observation of the exchange of a colorless C-odd gluonic compound
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Comparison of the  and 

cross sections extrapolated to 

pp pp̄

s = 1.96 TeV

Comparison of pp and pp̄ differential elastic cross sections and observation of the . . . 5
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Fig. 6: Comparison between the D0 pp̄ measurement at 1.96 TeV and the extrapolated TOTEM pp cross section,
rescaled to match the OP of the D0 measurement. The dashed lines show the 1s uncertainty band.

in the limit
p

s ! •. The parts of the elastic cross sections in the low |t| Coulomb-nuclear interference
region and in the high |t| region above the exponentially falling diffractive cone that do differ for pp and
pp̄ scattering contribute negligibly to the total elastic cross sections. Thus, to excellent approximation,
the integrated pp and pp̄ elastic cross sections in the exponential diffractive region should be the same,
implying that the logarithmic slopes should be the same. As this is the case within uncertainty for the
pp and pp̄ cross sections before the OP normalization, we choose to constrain the scaling to preserve the
measured logarithmic slopes. We assume that no t-dependent scaling at t values beyond the diffractive
cone (|t|� 0.55) is necessary.

To obtain the OP for pp at 1.96 TeV, we compute the total cross section by extrapolating the measure-
ments by the TOTEM Collaboration at 2.76, 7, 8, and 13 TeV as illustrated in Fig. 5. A two-parameter
fit of stot is performed using

stot = b1 log2
(
p

s/1TeV)+b2 (4)

with a c2
= 0.27 for 2 dof, b1 = 4.63± 0.72 mb, and b2 = 80.64± 3.36 mb, leading to an estimate of

the total cross section at the Tevatron energy of stot = 82.7± 3.1 mb. The extrapolated cross section is
converted to a differential cross section ds/dt = 357±26 mb/GeV2 at t = 0 using the optical theorem

s2
tot =

16p(}c)2

1+r2

✓
ds
dt

(t = 0)
◆
. (5)

We assume r = 0.145 based on the COMPETE extrapolation [11]. The D0 Collaboration published
an exponential fit of ds/dt in the range 0.26 < |t| < 0.6 GeV2 [13], which is extrapolated to t = 0
to give the OP cross section of 341 ± 48 mb/GeV2. Thus the TOTEM OP and extrapolated ds/dt
values are rescaled by 0.954± 0.071 (consistent with the OP uncertainties), where the uncertainty is
due to that on the TOTEM extrapolated OP. We note that we do not claim that we have performed a
measurement of ds/dt at the OP at t = 0 since this would require additional measurements of the elastic
cross section closer to t = 0, but we require equal OPs simply to obtain a common and somewhat arbitrary
normalization for the two data sets.

The assumption of the equality of the pp and pp̄ elastic cross sections at the OP could be modified if an
odderon exists [1, 2]. A reduction of the significance of a difference between pp and pp̄ cross sections
would only occur if the pp total cross section were larger than the pp̄ total cross section at 1.96 TeV. This

Phys. Rev. Lett. 127, 062003

„Odderon-Discovery“
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Physics expectations for the LHC at the start and now

• Explore the electroweak scale to discover new physics


• SUSY ?


• Provide an explanation for Dark Matter


• Discover the Higgs particle


• done 

• much more fertile ground than expected 

?
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The advantage and dilemma of the LHC (from a 2021 perspective)

• pp-collisions offer tremendous interaction rates; protons can be accelerated to high 
energies


• We have learnt from Run 1 and 2 that New Physics is not strongly coupled to 
quarks and gluons in the energy regime we can explore up to a few TeV


• Hence we have to resort to electroweak processes to search for New Physics or 
allow for very weakly interacting particles in strong interactions.


• the strong interaction is largely a background


• LHC will serve predominantly as a factory of weakly interacting particles – very 
much like an e+e-- or µ+µ--collider

7
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Luminosities

• Effective cross sections range from ~nb to ~fb and smaller


• Searches thus require the highest sustainable luminosities at the LHC and the 
experiments to deal with the huge backgrounds


• Protons are „burnt off“ in less interesting collisions


• It is not possible to prevent interactions 
in a way that was possible e.g. with polarised electron 
beams at HERA.
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Figure 29: Dependence of the e±p CC cross sections on the longitudinal lepton beam polarisa-
tion Pe. The inner and outer error bars represent the statistical and total errors respectively. The
uncertainties on the polarisation measurement are shown with horizontal error bars which are
mostly smaller than the symbol size. The data are compared to the Standard Model expectation
based on the H1PDF 2012 parametrisation (dark shaded band). The light shaded band corre-
sponds to the resulting one standard deviation contour of a linear fit to the data shown as the
central line.
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Luminosities

• Effective cross sections range from ~nb to ~fb and smaller


• Searches thus require the highest sustainable luminosities at the LHC and the 
experiments to deal with the huge backgrounds


• The rates of "interesting events" are dominated by the smallest cross section. 
The current sensitivity is at the level of ~fb.


• HL-LHC will attain 3-4 ab-1 at ≥13.6 TeV; 
a factor ~20 of what is available today
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LHC past and present and HL-LHC Plan
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Selected physics results
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Higgs Particle – the only fundamental scalar in the SM

Need to examine Higgs 
potential

13



Production of WWW – announced at EPS 2021

a purely electroweak process WWW-production has also been 
observed in the CMS 

experiment
14



Top Pair Production in association with a jet

• Define an energy asymmetry


• and measure

(a) (b)

Figure 1: Examples of contributions to the energy asymmetry in terms of Feynman diagrams. The double lines
indicate top quarks; the orange filled circles stand for possible insertions of four-quark operators in SMEFT. The
dashed line symbolizes the interference M1M

⇤

2 of the two @6 ! CC̄@ amplitudes M1 and M
⇤

2 to its left and right
sides. Contributions to the asymmetry in QCD are obtained by replacing the orange filled circles in the left diagram
by gluons. Further details about the QCD prediction and SMEFT contributions can be found in Ref. [18] and
Ref. [19], respectively.

directions beyond those sensitive to the rapidity asymmetry and other CC̄ observables [19]. The energy
asymmetry is therefore a valuable new observable in global SMEFT fits [20–24], and thus the results of
this measurement are interpreted in SMEFT to derive bounds on four-quark operator contributions.

This paper is organised as follows: a short description of the ATLAS detector is given in Section 2, followed
by the object definitions at detector and particle level in Section 3; event selection and reconstruction
are discussed in Section 4, while the simulated samples used to model signal and background events are
described in Section 5; Sections 6 and 7 deal with the unfolding method and the considered systematic
uncertainties, respectively; the measurement results are presented in Section 8 and interpreted in the context
of SMEFT in Section 9.

2 ATLAS detector

The ATLAS detector [25] at the LHC covers nearly the entire solid angle around the collision point.2 It
consists of an inner tracking detector surrounded by a thin superconducting solenoid, electromagnetic and
hadron calorimeters, and a muon spectrometer incorporating three large superconducting air-core toroidal
magnets.

The inner-detector system (ID) is immersed in a 2 T axial magnetic field and provides charged-particle
tracking in the range |[ | < 2.5. The high-granularity silicon pixel detector covers the vertex region and
typically provides four measurements per track, the first hit normally being in the insertable B-layer
installed before Run 2 [26, 27]. It is followed by the silicon microstrip tracker, which usually provides
eight measurements per track. These silicon detectors are complemented by the transition radiation tracker,
which enables radially extended track reconstruction up to |[ | = 2.0. It also provides electron identification
information based on the fraction of hits (typically 30 in total) above a higher energy-deposit threshold
corresponding to transition radiation.

2 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the detector
and the I-axis along the beam pipe. The G-axis points from the IP to the centre of the LHC ring, and the H-axis points upwards.
Cylindrical coordinates (A, q) are used in the transverse plane, q being the azimuthal angle around the I-axis. The pseudorapidity
is defined in terms of the polar angle \ as [ = � ln tan(\/2), and the rapidity is defined as H = (1/2) [(⇢ + ?I)/(⇢ � ?I)].
Angular distance is measured in units of �' ⌘

p
(�[)2 + (�q)2.
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at tree level due to the presence of the additional jet [5–8]. Contributions from new particles can lead to
significant modifications of the asymmetry compared to the SM prediction [9–12].

At the LHC, the charge asymmetry has been measured as a rapidity asymmetry1 in top-quark pair production
and is found to be in good agreement with the SM prediction [13–15]. Alternatively, the charge asymmetry
can be measured as an energy asymmetry in top-quark pair production in association with a high transverse
momentum (high ?T) jet [16]. The energy asymmetry is sensitive to the charge asymmetry in a di�erent
phase-space region than the rapidity asymmetry. In this article, the energy asymmetry is measured with
the 13 TeV proton-proton collision data collected by the ATLAS experiment during Run 2 in 2015-2018 of
the LHC.

The energy asymmetry in CC̄ 9 production is defined as

�⇢ (\ 9) ⌘
f

opt
(\ 9 |�⇢ > 0) � f

opt
(\ 9 |�⇢ < 0)

f
opt(\ 9 |�⇢ > 0) + f

opt(\ 9 |�⇢ < 0)
, (1)

with the optimised cross section

f
opt

(\ 9) = f(\ 9 |HC C̄ 9 > 0) + f(c � \ 9 |HC C̄ 9 < 0) , \ 9 2 [0, c] . (2)

where f(\ 9) is the di�erential cross section as a function of \ 9 and H
C C̄ 9

is the rapidity of the CC̄ 9 system.

To measure the energy asymmetry the di�erence of the top and antitop energies �⇢ = ⇢C �⇢
C̄

is determined
as a function of the jet angle \ 9 . Both �⇢ and \ 9 are defined in the CC̄ 9 rest frame, which corresponds to
the partonic centre-of-mass frame in tree-level processes. The angle \ 9 is defined as the angle between
the jet direction and the positive I-axis, i.e., the direction of parton ?1 in the process ?1?2 ! CC̄ 9 . The
orientation of the I-axis can be chosen in either direction along the beam line, due to the symmetry in
proton-proton collisions. The energy asymmetry is mainly generated in the partonic process @6 ! CC̄@,
as illustrated in Figure 1. The outgoing quark-jet is boosted in the direction of the incoming valence
quark. This boost is reflected in the rapidity of the CC̄ 9 system in the laboratory frame, H

C C̄ 9
. By combining

‘forward’ events having H
C C̄ 9

> 0 with ‘backward’ events having H
C C̄ 9

< 0 in the optimised cross section
f

opt
(\ 9), the statistical sensitivity to the energy asymmetry is optimised [17, 18].

The energy asymmetry in CC̄ 9 production is measured in three bins of the jet angle \ 9 in a fiducial phase
space defined at particle level. The analysis selects events with a high-?T jet, one leptonic , decay from
one of the top quarks (called in the following the leptonically decaying top quark) and one hadronic, decay
from the other top quark (called in the following the hadronically decaying top quark). The decay products
of the hadronically decaying top are required to be collimated in one large-radius jet, as is characteristic of
the boosted regime. By focusing on this boosted regime, the additional jet is easily distinguished from the
top-quark decay products. Moreover, the energy asymmetry increases with the transverse momentum of
the associated jet [18].

The energy asymmetry is highly sensitive to the chirality of the top and antitop quarks [19], which allows
the detection of even small potential deviations from the SM prediction. In SMEFT, such e�ects are
described by four-quark operators that involve quarks with di�erent chiralities. The detection of the
additional jet in CC̄ 9 production modifies the relative contributions of e�ective operators to the observables.
As a consequence, observables in CC̄ 9 production probe the parameter space of e�ective couplings in new

1 In the literature, ‘charge asymmetry’ is often used as a synonym for ‘rapidity asymmetry’. This paper distinguishes between
‘charge asymmetry’ as a feature of CC̄ production in a theory, and ‘rapidity asymmetry’ and ‘energy asymmetry’ as observables
sensitive to this feature.

3

Interpret in terms of 
effective field theories 

SMEFT

Example 
contributions to 
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Limits on SUSY quark and lepton production
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Test of Lepton Universality

0.5 1 1.5
KR

-1LHCb 9 fb
4c/2 < 6.0 GeV2q1.1 < 

Belle
4c/2 < 6.0 GeV2q1.0 < 

BaBar
4c/2 < 8.12 GeV2q0.1 < 

Figure 4: Comparison between RK measurements. In addition to the LHCb result, the mea-
surements by the BaBar [113] and Belle [114] collaborations, which combine B+

! K+`+`� and
B0

! K0
S`

+`� decays, are also shown.

is compatible with the SM prediction with a p-value of 0.10%. The significance of
this discrepancy is 3.1 standard deviations, giving evidence for the violation of lepton
universality in these decays.
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analysis.
The analysis strategy aims to reduce systematic uncertainties induced in modelling

the markedly di↵erent reconstruction of decays with muons in the final state, compared
to decays with electrons. These di↵erences arise due to the significant bremsstrahlung
radiation emitted by the electrons and the di↵erent detector subsystems that are used
to identify electron and muon candidates (see Methods). The major challenge of the
measurement is then correcting for the e�ciency of the selection requirements used to
isolate signal candidates and reduce background. In order to avoid unconscious bias, the
analysis procedure was developed and the cross-checks described below performed before
the result for RK was examined.

In addition to the process discussed above, the K
+
`
+
`
� final state is produced via

a B
+

! XqqK
+ decay, where Xqq is a bound state (meson) such as the J/ . The

J/ meson consists of a charm quark and antiquark, cc, and is produced resonantly at
q
2 = 9.59GeV2

/c
4. This ‘charmonium’ resonance subsequently decays into two leptons,

J/ ! `
+
`
�. The B

+
! J/ (! `

+
`
�)K+ decays are not suppressed and hence have a

branching fraction orders of magnitude larger than that of B+
! K

+
`
+
`
� decays. These

two processes are separated by applying a requirement on q
2. The 1.1 < q

2
< 6.0GeV2

/c
4

region used to select B
+
! K

+
`
+
`
� decays is chosen to reduce the pollution from the

J/ resonance and the high-q2 region that contains contributions from further excited
charmonium resonances, such as the  (2S) and  (3770) states, and from lighter ss

resonances, such as the �(1020) meson. In the remainder of this article, the notation
B

+
! K

+
`
+
`
� is used to denote only decays with 1.1 < q

2
< 6.0GeV2

/c
4, which are

referred to as nonresonant, whereas B+
! J/ (! `

+
`
�)K+ decays are denoted resonant.

To help overcome the challenge of modelling precisely the di↵erent electron and muon
reconstruction e�ciencies, the branching fractions of B+

! K
+
`
+
`
� decays are measured

relative to those of B+
! J/ K

+ decays [110]. Since the J/ ! `
+
`
� branching fractions

are known to respect lepton universality to within 0.4% [2,111], the RK ratio is determined
via the double ratio of branching fractions

RK =
B(B+

! K
+
µ
+
µ
�)

B(B+
! J/ (! µ

+
µ
�)K+)

�
B(B+

! K
+
e
+
e
�)

B(B+
! J/ (! e

+
e
�)K+)

. (2)

In this equation, each branching fraction can be replaced by the corresponding event yield
divided by the appropriate overall detection e�ciency (see Methods), as all other factors
needed to determine each branching fraction individually cancel out. The e�ciency of the
nonresonant B+

! K
+
e
+
e
� decay therefore needs to be known only relative to that of the

resonant B+
! J/ (! e

+
e
�)K+ decay, rather than relative to the B+

! K
+
µ
+
µ
� decay.

As the detector signature of each resonant decay is similar to that of its corresponding
nonresonant decay, systematic uncertainties that would otherwise dominate the calculation
of these e�ciencies are suppressed. The yields observed in these four decay modes and the
ratios of e�ciencies determined from simulated events then enable anRK measurement with
statistically dominated uncertainties. Percent-level control of the e�ciencies is verified with
a direct comparison of the B+

! J/ (! e
+
e
�)K+ and B

+
! J/ (! µ

+
µ
�)K+ branching

fractions in the ratio rJ/ = B(B+
! J/ (! µ

+
µ
�)K+)/B(B+

! J/ (! e
+
e
�)K+), as

detailed below.
Candidate B

+
! K

+
`
+
`
� decays are found by combining the reconstructed trajec-

tory (track) of a particle identified as a charged kaon, together with the tracks from a
pair of well-reconstructed oppositely charged particles identified as either electrons or

3

Figure 1: Feynman diagrams in the SM of the B0! K⇤0`+`� decay for the (top left) electroweak
penguin and (top right) box diagram. Possible NP contributions violating LU: (bottom left) a
tree-level diagram mediated by a new gauge boson Z 0 and (bottom right) a tree-level diagram
involving a leptoquark LQ.

bin at 6.0 GeV2
/c

4 is chosen to reduce contamination from the radiative tail of the J/ 

resonance.
The measurement is performed as a double ratio of the branching fractions of the

B
0! K

⇤0
`
+
`
� and B

0! K
⇤0

J/ (! `
+
`
�) decays

RK⇤0 =
B(B0! K

⇤0
µ
+
µ
�)

B(B0! K
⇤0

J/ (! µ
+
µ
�))

�
B(B0! K

⇤0
e
+
e
�)

B(B0! K
⇤0

J/ (! e
+
e
�))

,

where the two channels are also referred to as the “nonresonant” and the “resonant” modes,
respectively. The experimental quantities relevant for the measurement are the yields
and the reconstruction e�ciencies of the four decays entering in the double ratio. Due
to the similarity between the experimental e�ciencies of the nonresonant and resonant
decay modes, many sources of systematic uncertainty are substantially reduced. This
helps to mitigate the significant di↵erences in reconstruction between decays with muons
or electrons in the final state, mostly due to bremsstrahlung emission and the trigger
response. The decay J/ ! `

+
`
� is measured to be consistent with LU [24]. In order to

avoid experimental biases, a blind analysis was performed. The measurement is corrected
for final-state radiation (FSR). Recent SM predictions for RK⇤0 in the two q

2 regions are
reported in table 1. Note that possible uncertainties related to QED corrections are only
included in Ref. [26], and these are found to be at the percent level. The RK⇤0 ratio is
smaller than unity in the low-q2 region due to phase-space e↵ects.

The remainder of this paper is organised as follows: section 2 describes the LHCb
detector, as well as the data and the simulation samples used; the experimental challenges
in studying electrons as compared to muons are discussed in section 3; section 4 details

2

Table 5: Measured RK⇤0 ratios in the two q2 regions. The first uncertainties are statistical and
the second are systematic. About 50% of the systematic uncertainty is correlated between the
two q2 bins. The 95.4% and 99.7% confidence level (CL) intervals include both the statistical
and systematic uncertainties.

low-q2 central-q2

RK⇤0 0.66 + 0.11
� 0.07 ± 0.03 0.69 + 0.11

� 0.07 ± 0.05

95.4% CL [0.52, 0.89] [0.53, 0.94]

99.7% CL [0.45, 1.04] [0.46, 1.10]
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Figure 10: (left) Comparison of the LHCb RK⇤0 measurements with the SM theoretical predic-
tions: BIP [26] CDHMV [27–29], EOS [30, 31], flav.io [32–34] and JC [35]. The predictions are
displaced horizontally for presentation. (right) Comparison of the LHCb RK⇤0 measurements
with previous experimental results from the B factories [4, 5]. In the case of the B factories the
specific vetoes for charmonium resonances are not represented.

of 3 fb�1 of pp collisions, recorded by the LHCb experiment during 2011 and 2012, are
used. The RK⇤0 ratio is measured in two regions of the dilepton invariant mass squared
to be

RK⇤0 =

(
0.66 + 0.11

� 0.07 (stat) ± 0.03 (syst) for 0.045 < q
2

< 1.1 GeV2
/c

4
,

0.69 + 0.11
� 0.07 (stat) ± 0.05 (syst) for 1.1 < q

2
< 6.0 GeV2

/c
4
.

The corresponding 95.4% confidence level intervals are [0.52, 0.89] and [0.53, 0.94]. The
results, which represent the most precise measurements of RK⇤0 to date, are compatible
with the SM expectations [26–35] at 2.1–2.3 standard deviations for the low-q2 region
and 2.4–2.5 standard deviations for the central-q2 region, depending on the theoretical
prediction used.

Model-independent fits to the ensemble of FCNC data that allow for NP contribu-
tions [27–35] lead to predictions for RK⇤0 in the central-q2 region that are similar to the
value observed; smaller deviations are expected at low-q2. The larger data set currently
being accumulated by the LHCb collaboration will allow for more precise tests of these
predictions.
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→ talk of Emi KouOther channels have also been measured. 
More statistics needed.
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Simultaneous fit of CKM angle  and charm mixing parametersγ



LHCb

γ = 65.4∘ +3.8∘

−2.7∘

with  and 
 the mixing 

parameters of the charm mass 
eigenstates

x ≡ (m1 − m2)/Γ
y ≡ (Γ1 − Γ2)/Γ

18



LHC produces (new) hadrons

19



Observation of a charmed Tetra-quark – announced at EPS 2021

• Ordinary matter is colourless


• baryons, containing 3 constituent 
quarks


• Mesons contain a quark-antiquark 
system


• LHCb observes a Tetra-quark state  
containing , i.e. an open charm 
system.

T+
cc

ccūd̄

20



Triple J/ -Production observed in CMSΨ

J/Ψ

J/Ψ

J/Ψ

21



Charm production in pp-collisions

• Production of charm-quarks has been 
measured by the ALICE experiment


•  are much more copiously produced 
than in or in -collisions
Λ+

c
e+e− ep

22



Strangeness production - to explore QGP

• Larger enhancement for strange baryons


• Enhancement predominantly in perpendicular 
cone
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ALICE	Collaboration,	Nature	Phys	13,	535–539	(2017)
ALICE	Collaboration,	Eur.	Phys.	J.	C80,	167	(2020)

Ø Strangeness	enhancement	hierarchy	
	→	Expected	in	heavy-ion	collisions	because	

of volume/QGP	effects

→	Origin	of	the	increase	with	multiplicity
in	pp	and	p−Pb is	not	understood

Ø Relation	to	jets	

E Ω > E Ξ > E(Λ)

Pengyao Cui (CCNU) Strangeness production in jet and UE in pp and p-Pb collisions 6

z Jet reconstruction
� Charged track selection: ȁߟȁ ൏ ͲǤͻ,  ݌୘ ൐ ͲǤͳͷ GeV/ܿ
� Jet finder: anti-݇୘,  ܴ = 0.4,  ȁߟ୨ୣ୲ ȁ ൏ ͲǤ͵ͷ, ݌୘ǡ୨ୣ୲ ൐ ͳͲ GeV/ܿ

zStrangeness reconstruction
� �ୗ

଴ ՜ Ɏା ൅ Ɏି (BR 69.2%)
� Ȧ ՜ � ൅ Ɏି (BR 63.9%)
� ȩି ՜ Ȧ ൅ Ɏି ՜ � ൅ Ɏି ൅ Ɏି (BR 63.9%)

zStrangeness-jets matching 
� Strange particles found in Jet Cone (JC particles)

� ܴ ������� ������ǡ ��� ൌ ȟߟଶ ൅ ȟ߮ଶ ൏ ͲǤͶ

� Strange particles from the Underlying Event (UE) 
obtained with perp. cone method

� Strange particles from jet fragmentation (JE particles)
� JE = JC - UE

zNormalization 
ߩ�
୘݌�

ൌ
ͳ
௘ܰ௩
ൈ

ͳ
൏ ��� ���� ൐ ൈ � ୗܰȀ݌�୘

Perpendicular Cone

GOAL
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Jets: Production	of	Λ and	K0S	in	jets	in	p–Pb collisions	Production of Λ and K0
S in jets in p–Pb collisions ALICE Collaboration
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Figure 5: The (Λ+Λ)/2K0
S ratio in p–Pb collisions at

√
sNN = 5.02 TeV (upper panel) and pp collisions at√

s = 7 TeV (lower panel) as a function of V0-particle pT, associated with charged jets with pch
T, jet > 10 GeV/c

(for both pp and p–Pb collisions) and 20 GeV/c (for p–Pb collisions only) together with that in inclusive and PC
selection, and JC selection in case of pp collisions. The systematic uncertainties (open boxes) are fully uncorrelated
with pT. In both upper and lower panels, the dashed curves are from PYTHIA 8 simulations. See the text for details.

2 GeV/c. In particular, for particles associated with the jet it does not show a maximum at intermediate
pT. Clearly the enhancement of the ratio seen in the inclusive measurement is not present within jets.
This conclusion holds not only for jets with pT > 10 GeV/c but also for higher pT (> 20 GeV/c) jets.

The results for pp collisions shown in Fig. 5 are obtained with jets reconstructed with R = 0.4 and for
the same value of the matching radius R(V0, jet) < 0.4. Apart from the inclusive particle selection and
UE selection, the figure shows the ratio for particles within jets for the UE subtracted in the JC and
UE unsubtracted case, demonstrating the small magnitude of background effects. Qualitatively similar
features of the ratio are seen in both collision systems.

Selecting hard scatterings according to the jet energy carried exclusively by the primary charged particles
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Production of Λ and K0
S in jets in p–Pb collisions ALICE Collaboration
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Figure 4: The (Λ+Λ)/2K0
S ratio in p–Pb collisions at

√
sNN = 5.02 TeV as a function of R(V0, jet) for three

different V0-particle pT intervals associated with charged jets with pch
T, jet > 10 GeV/c. The data points of the ratios

in 0.6 < pT, V0 < 1.8 GeV/c and in 4.2 < pT, V0 < 12 GeV/c are shifted to the left and right sides from the centre,
along the R(V0, jet)-axis for better visibility. Statistical uncertainties (vertical bars) and systematic uncertainties
(open boxes) are shown. The sources of the systematic uncertainty are summarized in table 3. The uncertainty on
V0 yield extraction is uncorrelated with V0 pT but correlated with R(V0, jet), the uncertainties on jet pT scale and
on UE subtraction are uncorrelated on both V0 pT and R(V0, jet).

R(V0, jet) > 0.5 the ratio remains constant. The ratio of 0.6 is consistent with the inclusive measure-
ment in p–Pb collisions [23] and this pT region is where the enhanced (Λ+Λ)/2K0

S ratio in the inclusive
measurements is found to be the largest. It is worthwhile to stress that for the results shown in Fig. 4,
the UE backgrounds are not subtracted. Therefore, the evolution of the ratio as a function of the distance
from the jet axis demonstrates how the two sources, UE and jet, compete. The lack of enhancement close
to the jet axis indicates that the enhanced (Λ+Λ)/2K0

S ratio is not associated with the jets.

In each pT interval the ratio is dominated by the lower side of the selection window due to the steeply
falling particle pT spectrum. This is especially the case for 4.2 < pT < 12 GeV/c where the dominating
component originates from pT of about 4.5 GeV/c and the R(V0, jet) dependence at high pT is similar to
that for 2.2 < pT < 3.7 GeV/c. The ratio at high pT associated with jets is discussed below.

Figure 5 shows the ratio of Λ to K0
S as a function of particle pT in both pp and p–Pb collisions for the

different selection criteria. The systematic uncertainties (open boxes) are fully uncorrelated with pT.
In the case of p–Pb collisions, the ratio of the inclusive particles, the particles from the PC selection,
and for those within jet with resolution parameter R = 0.4 and pch

T, jet > 10 and > 20 GeV/c are shown.
Prior to forming the ratio, the UE density contribution obtained with the PC selection is subtracted for
each particle species separately. Additionally, the p–Pb results are shown for the case where every V0

particle is required to be close to the jet axis with its distance R(V0, jet) < 0.4. The inclusive and the
PC distributions show the enhancement at a pT of about 3 GeV/c. The measurement of the inclusive case
differs from that in Ref. [23] as the region |ηlab| < 0.75 is used here instead of the rapidity region in
centre-of-mass frame 0 < yCMS < 0.5. The two measurements are otherwise consistent with each other.
The PC distribution above 2 GeV/c reaches systematically higher values than the inclusive. The ratio
within jets is consistently lower than the inclusive one and approximately independent of pT beyond
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Figure 6: The (Λ+Λ)/2K0
S ratio in pp collisions at

√
s = 7 TeV and in p–Pb collisions at

√
sNN = 5.02 TeV

as a function of V0-particle pT associated with charged particle jets with pch
T, jet > 10 GeV/c reconstructed using

the anti-kT jet finder with resolution parameter R = 0.4. The ratio is shown for the same selection of the matching
radius R(V0, jet) < 0.4 in both systems. The systematic uncertainties (open boxes) are uncorrelated between the
systems.

induces biases and inefficiencies in the selection of the parton showers. The bias is related to the proba-
bilistic process of fragmentation and hadronization. The analysis presented here tags only parton showers
fragmenting into a configuration of hadrons that produce a charged particle jet with pch

T, jet > 10 GeV/c
with a given R with a finite efficiency. Therefore, there can be cases of V0 particles that originated from
a parton shower but are rejected in the analysis based on the energy carried only by the primary charged
particles. The same analysis performed using the PYTHIA 8 event generator shows that the most proba-
ble pT of the full jet with R = 0.4 is larger by about 40% as compared to the pch

T, jet. Moreover, since the
daughters of the V0 particles are not included in the jet energy calculation there are cases of jets contain-
ing V0 particles but not included in the JC selection. On the other hand, Fig. 5 shows that the inclusive
(Λ+Λ)/2K0

S ratio at high pT is fully consistent with the ratio from particles associated with jets in this
analysis. This suggests that the conclusion on the absence of the baryon-to-meson enhancement in jets
made with the charged jets alone holds for all energetic parton showers and hadron configurations within
the jets.

Figure 5 shows also a comparison with results obtained with the PYTHIA 8 [56] event generator with tune
4C (the dashed curves) run for pp collisions at

√
s = 5.02 TeV (top panel) and

√
s = 7 TeV (bottom

panel). For both panels, the black dashed curves are the results for inclusive V0s. The jet selection
within PYTHIA 8 is made using the generator level information with pch

T, jet > 10 GeV/c shown as the red
curves. The comparison shows that the characteristic maximum at intermediate pT in the inclusive ratio
is not reproduced by the generator. However, for both collision systems the ratio within jets after the
subtraction of the underlying event is consistent with the data points. Note that PYTHIA 8 was chosen
here merely as an example and the aim is not for a thorough review of the strangeness production in the
Monte Carlo generators. The comparison with experimental data is found to be sufficient to demonstrate
the clear similarities of the baryon-to-meson ratio within jets.

Figure 6 shows the comparison of the ratio obtained in jets in pp and p–Pb collisions for the same

13

Strangeness in & out of jets (I)
• Measured K$% & X production in near side 

w.r.t. jet and outside jet
– High-pT trigger hadron: jet proxy

• Out-of-jet increases much faster than   
in-jet production as function of multiplicity

– High mult.: out-of-jet component dominates

• X/K$% yield ratio:
– Out-of-jet: increases with multiplicity
– Inijet: hint of increase with multiplicity

• Out-of-jet processes are dominant 
contribution to strange particle production

15

|<0.5d|�d/dchNd�
0 5 10 15 20 25

 
6 

d
6

 1
/

tri
gg

N/ S0 K
N

0.05

0.1

0.15

0.2

0.25 ALICE Preliminary
 = 13 TeVspp, 

c > 3 GeV/trigg
T
p correlation, 0

SK<h
syst. error
stat. error

side jet<Near
| < 0.85 6| < 0.75, |d6|

jet<of<Out
 < 2.0 6| < 1.2, 0.85 < d60.75 < |

Full
/2/ < 3 6/2 < /<| < 1.2, d6|

ALICE Preliminary
 = 13 TeVspp, 

c > 3 GeV/trigg
T
p correlation, 0

SK<h
syst. error
stat. error

side jet<Near
| < 0.85 6| < 0.75, |d6|

jet<of<Out
 < 2.0 6| < 1.2, 0.85 < d60.75 < |

Full
/2/ < 3 6/2 < /<| < 1.2, d6|

ALICE Preliminary
 = 13 TeVspp, 

c > 3 GeV/trigg
T
p correlation, 0

SK<h
syst. error
stat. error

side jet<Near
| < 0.85 6| < 0.75, |d6|

jet<of<Out
 < 2.0 6| < 1.2, 0.85 < d60.75 < |

Full
/2/ < 3 6/2 < /<| < 1.2, d6|

ALIéPRELé366822

|<0.5d|�d/dchNd�
0 5 10 15 20 25

S0 K
N/

U
N

0.02

0.04

0.06

0.08

0.1

0.12
ALICE Preliminary

 = 13 TeVspp, 
c > 3 GeV/trigg

T
p

side jet<Near
| < 0.85 6| < 0.75, |d6|

jet<of<Out
 < 2.0 6| < 1.2, 0.85 < d60.75 < |

Full
/2/ < 3 6/2 < /<| < 1.2, d6|

syst. error
stat. error

ALICE Preliminary
 = 13 TeVspp, 

c > 3 GeV/trigg
T
p

side jet<Near
| < 0.85 6| < 0.75, |d6|

jet<of<Out
 < 2.0 6| < 1.2, 0.85 < d60.75 < |

Full
/2/ < 3 6/2 < /<| < 1.2, d6|

syst. error
stat. error

ALICE Preliminary
 = 13 TeVspp, 

c > 3 GeV/trigg
T
p

side jet<Near
| < 0.85 6| < 0.75, |d6|

jet<of<Out
 < 2.0 6| < 1.2, 0.85 < d60.75 < |

Full
/2/ < 3 6/2 < /<| < 1.2, d6|

syst. error
stat. error

ALIéPRELé390318SQM21: F. Ercolessi 18/5

arXiv:2105.04890

Ø Strangeness	enhancement	is	larger	for	stranger	baryons
f Ξ > f(Ke=)

Ø Out-of-jet processes	are	the	dominant	contribution	to	the	
full	yield	ratio	

Ø Λ/Ke= enhancement	observed	in	perpendicular	cone	but	
not	inside	jets

Ø Ratio	in	jets	described	by	PYTHIA8	Monash

Strangeness:	Production	of	strangeness	in	jets	and	out	of	jets	in	pp	&	p−Pb

“Strangeness	in	jets	and	in	the	underlying	event	in	hadronic	collisions	at	the	LHC”,	CERN-LHC	Seminar	by	Xiaoming Zhang,	1st June	2021	

ppp−Pb
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Preparing for HL-LHC



Detector Resolution

• We have learnt from LEP and SLD, from BaBar and Belle/Belle II that full 
reconstruction of the complex final states is only possible with ultimate 
resolution


• momentum and energy reconstruction


• flavour tagging 


• particle identification
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Experiments at the LHC / HL-LHC in perspective

• Experiments must - at least - provide the resolution of the best proposed 
detectors at e+e- factories and still reject the pile-up of other events


• e.g. Timing has be added as an important tool to reject (slightly) out-of-time 
interactions (pile-up). This is a tremendous challenge and added complexity 
but a necessary tool to provide sensitivity to new physics.


• ps-timing will also be key to make LHCb during Run 5 feasible
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Flavour physics

• LHCb profits from the large cross section for b-quark production in pp-
collisions but has to throttle the rate due to detector limitations (LHC is 
separating the beams laterally at the IP).


• LHCb has published a wealth of results on b-physics and observed CP-
violation in the charm system


• For rare decays the detector rate capability needs to be improved; hence 
the LS2 upgrade, a rebuild of the detector, and plans for a further upgrade in 
LS4


• so far the physics is limited by the performance (granularity) of the detector
27



Heavy Ion Physics

• The purpose of ALICE is primarily to study the strong interaction


• comparison of PbPb to pp and pPb collisions and other ions


• large cross sections and hence use only a small fraction of possible pp-luminosity


• Lessons, in particular from Run 1 and 2:


• strangeness, charm and beauty production originate from different phases of the 
quark gluon plasma and hence prove particularly interesting


• Need for higher rate capability
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Lessons learnt have been cast into a new 
Strategy for Particle Physics

2020 UPDATE OF THE EUROPEAN STRATEGY
FOR PARTICLE PHYSICS

by the European Strategy Group
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European Strategy for Particle Physics Update 2020…

• The successful completion of the high-luminosity upgrade of the (LHC) 
machine and detectors should remain the focal point of European particle 
physics, together with continued innovation in experimental techniques.


• New experimental ideas are welcome and key to progress


• The full physics potential of the LHC and the HL-LHC, including the study of 
flavour physics and the quark-gluon plasma, should be exploited.


• ATLAS, CMS, LHCb and ALICE will continue to be upgraded and run till the 
end of the 2030s or early 2040s and beyond
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The LHC / HL-LHC will be our primary tool for research at the energy 
frontier for the next years to come
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LHC detectors and their upgrades

LS2 Shutdown, where we are now

27/04/20 R.Carlin RRB-2020-027

HCAL barrel (last phase I):

install SiPM+QIE11-based 

5Gbps readout

Pixel detector: 

• replace barrel layer 1 (guideline 

250 fb-1 max lumi)

• replace all DCDC converters

Muon system (already phase II):
• install GEM GE1/1 chambers

• Upgrade CSC FEE for HL-LHC trigger rates

• Shielding against neutron background

Keep strip tracker cold to 
avoid reverse annealing

Install new beam pipe for 
phase II

MAGNET (stays cold!) & Yoke Opening 
• Cooled freewheel thyristor+power/cooling

• New opening system (telescopic jacks)

• New YE1 cable gantry (Phase2 services)

Near beam & Forward Systems 
• BRIL BCM/PLT refit

• New  Totem T2 track det

• PPS: RP det & mechanics 

upgrade

9

Civil engineering on P5 
surface to prepare for 
Phase-2 assembly and 
logistics

Coarse schedule:
• 2019: Muons and HCAL interleaved
• 2020: beam pipe installation, then pixel re-

installation

• Some Phase 1 and maintenance, 
improvements

• Many activities already related to 
Phase 2 detector upgrades and 
relate services and infrastructure

Operations Spectroscopy CP violation Heavy ions Upgrade

LHCb upgrade I

LHCb-TDR-12

Émilie Maurice (LAL, LLR) LHCb status report 16/26

ALICE

CMS LHCb

ATLAS
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Why is this reasonable?

33



Experimental tools improve and systematic limitations are pushed out
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Low mass detectors near beam - Example: Plans of ALICE 3

• 3 Inner layers closer to IP, (e.g. Iris 
tracker ) 


• retractable innermost layer ~ 5 mm 


• X/X0 ~0.1 % / layer
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Run 5 and beyond

ALICE 3 - Iris tracker
Inside the beampipe

5 mm

25 mm
15 mm
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ALICE 3 – Tracking and Vertexing
Run 5

3 Inner layers closer to IP, (e.g. Iris tracker )
• Retractable innermost layer ~ 5 mm
• X/X0 ~0.1 % / layer

Requirement: resolution of impact 
parameter~10 μm @pT=200 MeV

MAPS à la ITS3: wafer scale stitched and bent silicon detectors

Outer Barrel tracker: 
• 9 layers à large area
• X/X0 ~1 % / layer, 
• pitch ~ 30-50 μm
Requirement: σpT / pT ~2 %
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ALICE 3 study

ALI−SIMUL−491785

ITS2

ITS3

ALICE 3

Will be used for flavour tagging
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Timing - Example ATLAS HGTD

• 2 disks either side in gap between 
ATLAS barrel and end cap. 


• Each instrumented double-sided layer 
supported by cryostat/support 
structure, moderator pieces for 
protection against back splash. 


• Acceptance at 2.4 < |η| < 4 


• Low-Gain Avalanche Silicon 
Detectors (LGAD) sensors 


• Enable precision timing, retain signal 
efficiency after heavy irradiation 

‣ 2 disks either side in gap between ATLAS barrel 
and end cap. 
‣ Each instrumented double-sided layer supported 

by cryostat/support structure, moderator pieces 
for protection against back splash.


‣ Acceptance at 2.4 < |η| < 4

‣ Low-Gain Avalanche Silicon Detectors (LGAD) 

sensors

‣ Enable precision timing, retain signal efficiency 

after heavy irradiation

DescriptionHGTD

16

LGAD sensor: 
Silicon detector with 

internal low gain

pile-up 
protection
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Integrated Fast Timing - Example LHCb for Run 5

• Fast Timing for 


• VELO


• RICH


• ECAL


• TORCH

07.07.21 LHCb - Floris Keizer 5

Novel feature of the LHCb detector: fast timing

A new dimension will be added to the LHCb experiment.

VELO, RICH, ECAL and TORCH will be fast timing detectors.
Ø Adds a new dimension to the information exchange between sub-detectors.
Ø Could all contribute to the same estimate of the track time as it passes the detector.
Ø Opens up new avenues for data suppression in front-end hardware and in software trigger.
Ø Sets challenging R&D requirements particularly for sensor technologies and front-end ASICs.

Timing information with a few tens of ps resolution per particle will allow 
charged tracks and photons to be associated to the correct interaction vertex.

25 ns bunch crossing period 20 ps time window07.07.21 LHCb - Floris Keizer 5

Novel feature of the LHCb detector: fast timing

A new dimension will be added to the LHCb experiment.

VELO, RICH, ECAL and TORCH will be fast timing detectors.
Ø Adds a new dimension to the information exchange between sub-detectors.
Ø Could all contribute to the same estimate of the track time as it passes the detector.
Ø Opens up new avenues for data suppression in front-end hardware and in software trigger.
Ø Sets challenging R&D requirements particularly for sensor technologies and front-end ASICs.

Timing information with a few tens of ps resolution per particle will allow 
charged tracks and photons to be associated to the correct interaction vertex.

25 ns bunch crossing period 20 ps time window

disentangling 
events
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Precision Calorimetry - Example CMS
• Full replacement of existing CMS endcap ECAL and HCAL

• Integrated sampling calorimeter 

• Absorber


• EM section: Pb, CuW, Cu

• Hadronic section: steel, Cu 


• Active material

• High radiation area: 8” hexagonal silicon sensors

• Low radiation area: scintillator tiles with on-tile SiPM


• 5D imaging calorimeter

• Extends tracking in forward regions

• Highly granular spatial information


• Si cell size: 0.5 cm2 and 1.2 cm2 

• Scintillator tile size: (23 mm)2 – (55 mm)2  


• Large dynamic range for energy measurements

• Timing information to tens of picoseconds

Endcap calorimeter
� Full replacement of existing CMS endcap ECAL and HCAL

� Integrated sampling calorimeter
� Absorber

� EM section: Pb, CuW, Cu
� Hadronic section: steel, Cu

� Active material
� +LJK�UDGLDWLRQ�DUHD���´�KH[DJRQDO�VLOLFRQ�VHQVRUV
� Low radiation area: scintillator tiles with on-tile SiPM

� 5D imaging calorimeter
� Extends tracking in forward regions 
� Highly granular spatial information

� Si cell size: 0.5 cm2 and 1.2 cm2

� Scintillator tile size: (23 mm)2 ± (55 mm)2

� Large dynamic range for energy measurements
� Timing information to tens of picoseconds

7/8/2021 Heintz - Offshell 2021 8

Cut-away side view

Test beam with prototype detectors

CMS-TDR-019

Particle Flow Calorimetry

e.g. W-
production in 

forward 
direction
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Reconstruction and Simulation

• Some of the results from the LHC have been obtained earlier than expected 
from the integrated luminosity


• This is largely owed to the advances in reconstruction and simulation


• detailed simulation and parametrisation - understanding of pile-up


• machine learning and much more


• dedicated event streaming


• optimising data formats

39



Upgrading / re-inventing the Software

• In addition to providing better resolution detectors also need the software to 
improve


• Better algorithms yield:


• better resolutions


• lower backgrounds


• and hence better signals

40

ML and better MC 

simulation



What does this mean for Particle Physics around 2040?

• We could be lucky and New Physics turns up directly


• LHC / HL-LHC will define the yardstick for physics reach of any other facility 
(e+e- and µ+µ-)


• Today’s predictions for HL-LHC physics reach are probably too pessimistic 
in view of new experimental ideas and reconstruction capability


• Flavour physics becomes more important and better accessible; competition/
complementarity from Belle II and its possible upgrade is interesting


• LHC / HL-LHC will continue as the copious source of physics 
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Examples of new ideas 

• FASER and SND


• Neutrinos and non-interacting particles in the very forward direction


• SMOG at LHCb


• pA collisions in front of the VELO detector


• Crystal channeling for rare charm decays


• MATHUSLA


• a cosmic telescope and detector for long lived particles from the LHC
42



Summary

• LHC / HL-LHC will be the workhorse for Particle Physics for the next two decades


• Direct observation of New Physics?


• Its scope for precision is considerably better than originally expected 
and rivals the precision of lepton colliders


• But New Physics could hide elsewhere


• Low mass Dark Matter searches


• Neutrino Physics

Fully exploit LHC

Don’t forget other 

experimental tools
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