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Eckhard Elsen 
Director Research and Computing 

Hard Probes 2018. International Conference on Hard and Electromagnetic Probes of High-Energy Nuclear Collisions, Aix-Les-Bains, Oct 1, 2018

The conference is focused on experimental and 
theoretical developments on perturbative probes of hot 
and dense QCD matter as studied in high-energy 
nucleus-nucleus, proton-nucleus and proton-proton 
collisions, including: (i) nuclear Parton Distribution 
Functions and early-time dynamics, (ii) jets and high-pT 
hadrons, (iii) heavy quarks (charm, bottom, top), and 
quarkonia, (iv) high-pT photons and electroweak 
bosons, and (v) future experimental and new theoretical 
developments in associated topics.



LHC and its injector chain

• LHC 

• ongoing Run 2 @ 13 TeV 

• Injectors supporting 

• Fixed target programme 

• ISOLDE (isotopes) 

• n-ToF 

• AD-programme

⎫ 
｜ 
⎬75% of all p 
｜ 
⎭
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Light by light scattering in Heavy Ion Scattering

• Heavy Ion acts as a copious 
source of photons 

• ATLAS Collaboration 
Nature Physics 13, 852–858 
(2017) doi:10.1038/nphys4208

ATLAS



LHCb in Fixed Target mode

• System for Measuring Overlap with 
Gas (SMOG) allows to inject small 
amount of noble gas (He, Ne, Ar,…) 
inside the LHC beam around (±20 
m) the LHCb collision region  

• pressure ∼ 2 × 10−7 mbar 

• In the meantime used for fixed 
target physics simultaneously with 
pp-mode. 

• Further plans for PBC-study

SMOG: the LHCb internal gas target

LHCb is the LHC experiment with “fixed-target like”
geometry
very well suited for. . . fixed target physics!

JINST 3, (2008) S08005
Int.J.Mod.Phys.A30 (2015) 1530022

The System for Measuring Overlap with Gas (SMOG)
allows to inject small amount of noble gas (He, Ne,
Ar, . . . ) inside the LHC beam around (⇠ ±20 m) the
LHCb collision region
Expected pressure ⇠ 2⇥ 10�7 mbar

Originally conceived for the luminosity determination
with beam gas imaging JINST 9, (2014) P12005
Became the LHCb internal gas target for a rich and var-
ied fixed target physics program

G. Graziani slide 2 Moriond EW 2017
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pHe scattering using gas target
• Measurement of prompt antiproton production in pHe collisions 

• PID from RICH detector response 

• 3 templates built from simulated samples  

• 2-d binned extended ML fit and cut-and-count method used to 
determine antiproton fraction 

ANTIPROTON PRODUCTION IN PHE COLLISIONS AT √SNN=110 GEV

�14

• First measurement of prompt antiproton production 
in pHe collisions  

• Use proton beam of 6.5 TeV on helium gas target 

• PID from RICH detector response 

• 3 templates built from simulated samples 
• 2-d binned extended ML fit and cut-and-count 

method used to determine antiproton fraction 
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     production in pHe interactions at 

• Antiproton production cross section shown 
(integrated over different kinematic regions) 

• Uncertainty lower than 10% for most bins 

• Lower than spread between predictions 
from various theoretical models 

• Improves the precision of secondary 
antiproton cosmic ray flux predictions 
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• Antiproton production cross section 

shown (integrated over different 

kinematic regions) 

• Uncertainty lower than 10% for most 

bins 

• Lower than spread between 

predictions from various theoretical 

models 

• Improves the precision of secondary 

antiproton cosmic ray flux predictions

LHCB-PAPER-2018-031

s = 110 GeVp̄
LHCb



Exploring Jet-Splitting in vacuum and medium
ALICE 

Exploring�the�phase�space�of�jet�splittings

12/9/2018 R. A. Bertens 19

Intra-jet�splittings�studied�by�declustering:

Re-wind�last�clustering�step�and�evaluate

Define�hard�splitting�when�

Possible�to�repeat�on�hardest�prong�
to�find�nSD�splittings

no�difference�in�nSD�between�PbPb�
and�vacuum
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����������������� �����������������
first�splitting�at�small�angles:�

no�difference�between�Pb-Pb�jets�
and�vacuum�reference

first�splitting�at�large�angles:�
overall�suppression�in�tagged�Pb-
Pb�jets,�steeper�zg�distribution�



Charged Multiplicity: XeXe vs PbPb

• 6 hours of stable-beam data taking in 
October 2017 

• Normalization by the effective number of 
participants (nucleons or quarks) 

• Participant quarks describe the Npart 
scaling violation  

• Central collisions of medium-size nuclei 
produce more particles per Npart than 
mid-central collisions of large nuclei at the 
same Npart  

• Not explained 

SARAH.PORTEBOEUF@CERN.CH 6

arXiv:1805.04432

Ø 6	hours	of	stable-beam	data	taking	in	October	2017

Ø Normalization	by	the	effective	number	of	participants	(nucleons	or	
quarks)	

=>	Participant	quarks	describe	the	Npart scaling	violation

Charged	particle	production	scales	with	participant	quarks

Ø Central	collisions	of	medium-size	nuclei	produce	more	particles	per	
Npart than	mid-central	collisions	of	large	nuclei	at	the	same	Npart

=>	Not	explained

Charged	particle	multiplicity	in	Xe-Xe

�8

ALICE 



Xe-Xe Scattering: Nuclear Modification Factor

• very similar for Xe-Xe and Pb-Pb 

• at similar multiplicity  

• deviates for peripheral collisions 

• different geometry for same multiplicity  

• sensitive to geometry ↔ 
path length dependence 
[arXiv:1805.04399] 

ALICE 

A Large Ion Collider Experiment 

Xe-Xe: nuclear modification factor�

•  very similar for Xe-Xe and Pb-Pb  
–  at similar multiplicity 
 

•  deviates for peripheral collisions 
–  different geometry for same multiplicity 

à sensitive to geometry <-> path length dependence�

ALICE | SPC 24 September 2018 20	

[arXiv:1805.04399]�

RAA =
(dN / dpT )AA

Ncoll (dN / dpT ) pp



Elliptic Flow in small systems

SARAH.PORTEBOEUF@CERN.CH 18

Xe-Xe
Pb-Pb

pp,	p-Pb

Flow	in	pp,	p-Pb,	Xe-Xe and	Pb-Pb
Elliptic	flow	from	multi-particle	cumulants (non-flow	
suppressed)	probes	collective	behavior	in	all	hadronic	

collisions	at	the	LHC				

Elliptic	flow	probes	collective	behavior	
in	p-Pb with	mass	ordering				

Small	system	flow:	toward	the	understanding	of	its	origin
�10



CMS preparing for Heavy Ion Run

• Goal is 1.8 nb-1 and large 
minimum bias sample 

• Run with HI-specific firmware 
for detectors, HI-specific 
online software, etc. 

• Study phase space for energy 
loss in nuclear medium

Dark Ma

26

Preparing for 2018 Heavy Ion Run
• At the last LHCC meeting, we showed highlights of extensive results 

submitted to Quark Matter 2018 conference:

• Now preparing for 2018 Heavy Ion (HI) run.
• Goal is 1.2-1.8 nb-1 + large minimum 

bias sample.
• Study new phase space for energy loss in 

medium.

• Next week will perform "dress rehearsal":
• Run with HI-specific firmware for detectors, 

HI-specific online software, etc.

https://cms.cern/news/quark-matter-2018

CMS 



Evolution of Spectroscopy at Hadron Colliders

• Observation of Υ-family 
in Drell-Yan in 1977  
(S.Herb et al.) 

• 400 GeV proton 
beam at Fermilab 
√s = 0.028 TeV 

• since then 
tremendous 
improvements in 
detector resolution
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• Observation of Ξb-mass 
splitting in CMS in 2018 at 
the level of 10 MeV 

• √s = 13 TeV

40 years later

�12



Spectroscopy at LHCb

• Ξ++cc  
 
Example  diagram

u
c
d
d̄
u
ū
s
u
d̄

u
c

c

W+

⌅++
cc ⇡+

⇤+
c

K�

⇡+

1
Figure 1: Example Feynman diagram contributing to the decay ⌅++

cc ! ⇤+
c K

�⇡+⇡+.

by a software stage, which fully reconstructs the event [54]. The online reconstruction
incorporates near-real-time alignment and calibration of the detector [55], which in turn
allows the reconstruction of the ⌅++

cc decay to be performed entirely in the trigger software.
The reconstruction of ⌅++

cc ! ⇤+
c K

�⇡+⇡+ decays proceeds as follows. Candidate
⇤+

c ! pK�⇡+ decays are reconstructed from three charged particles that form a good-
quality vertex and that are inconsistent with originating from any pp collision primary
vertex (PV). The PV of any single particle is defined to be the PV with respect to which
the particle has the smallest impact parameter �2 (�2

IP), which is the di↵erence in �2 of
the PV fit with and without the particle in question. The ⇤+

c vertex is required to be
displaced from its PV by a distance corresponding to a proper decay time greater than
150 fs. The ⇤+

c candidate is then combined with three additional charged particles to form
a ⌅++

cc ! ⇤+
c K

�⇡+⇡+ candidate. These additional particles must form a good-quality
vertex with the ⇤+

c candidate, and the ⇤+
c decay vertex must be downstream of the ⌅++

cc

vertex. Each of the six final-state particles is required to pass track-quality requirements,
to have hadron-identification information consistent with the appropriate hypothesis (p,
K, or ⇡), and to have transverse momentum pT > 500MeV/c. To avoid duplicate tracks,
the angle between each pair of final-state particles with the same charge is required to be
larger than 0.5mrad. The ⌅++

cc candidate must have pT > 4GeV/c and must be consistent
with originating from its PV. The selection above includes criteria applied in the trigger
software, plus additional requirements chosen based on simulated signal events and a
control sample of data. Simulated signal events are produced with the standard LHCb
simulation software [56–62] interfaced to a dedicated generator, Genxicc [63–65], for
⌅++

cc baryon production. In the simulation, the ⌅++
cc mass and lifetime are assumed to

be 3600MeV/c2 and 333 fs. The background control sample consists of wrong-sign (WS)
⇤+

c K
�⇡+⇡� combinations.

The background level is further reduced with a multivariate selector based on the
multilayer perceptron algorithm [66]. The selector is trained with simulated signal events
and with the WS control sample of data to represent the background. For both signal and
background training samples, candidates are required to pass the selection described above
and to fall within a signal search region defined as 2270 < mcand(⇤+

c ) < 2306MeV/c2 and
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Figure 3: Invariant mass distribution of ⇤+
c K

�⇡+⇡+ candidates with fit projections overlaid.

scale is calibrated with samples of J/ ! µ+µ� and B+ ! J/ K+ decays [70, 71]. After
calibration, an uncertainty of ±0.03% is assigned, which corresponds to a systematic
uncertainty of 0.22MeV/c2 on the reconstructed ⌅++

cc mass. The selection procedure is
more e�cient for vertices that are well separated from the PV, and therefore preferentially
retains longer-lived ⌅++

cc candidates. Because of a correlation between the reconstructed
decay time and the reconstructed mass, this induces a positive bias on the mass for both
⌅++

cc and ⇤+
c candidates. The e↵ect is studied with simulation and the bias on the ⌅++

cc

mass is determined to be +0.45± 0.14MeV/c2 (assuming a lifetime of 333 fs), where the
uncertainty is due to the limited size of the simulation sample. A corresponding correction
is applied to the fitted value in data. To validate this procedure, the ⇤+

c mass in an
inclusive sample is measured and corrected in the same way; after the correction, the ⇤+

c

mass is found to agree with the known value [5]. The bias on the ⌅++
cc mass depends on the

unknown ⌅++
cc lifetime, introducing a further source of uncertainty on the correction. This

is estimated by repeating the procedure for other ⌅++
cc lifetime hypotheses between 200

and 700 fs. The largest deviation in the correction, 0.06MeV/c2, is taken as an additional
systematic uncertainty. Final-state photon radiation also causes a bias in the measured
mass, which is determined to be �0.05MeV/c2 with simulation [60]. The uncertainty
on this correction is approximately 0.01MeV/c2 and is neglected. The dependence of
the measurement on the fit model is estimated by varying the shape parameters that
are fixed according to simulation, by using alternative signal and background models,
and by repeating the fits in di↵erent mass ranges. The largest deviation seen in the
mass, 0.07MeV/c2, is assigned as a systematic uncertainty. Finally, since the ⌅++

cc mass is
measured relative to the ⇤+

c mass, the uncertainty of 0.14MeV/c2 on the world-average
value of the latter is included. After taking these systematic e↵ects into account and
combining their uncertainties (except that on the ⇤+

c mass) in quadrature, the ⌅++
cc

mass is measured to be 3621.40± 0.72 (stat)± 0.27 (syst)± 0.14 (⇤+
c )MeV/c2. The mass

5
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Figure 4: Mass spectra of (left) ⇤+
c and (right) ⌅++

cc candidates in the 8TeV data sample. The
full selection is applied, except for the ⇤+

c mass requirement in the case of the left plot. For the
⇤+
c mass distribution the (cross-hatched) signal and (vertical lines) sideband regions are indicated;

to avoid duplication, the histogram is filled only once in events that contain more than one ⌅++
cc

candidate. In the right plot the right-sign (RS) signal sample ⌅++
cc ! ⇤+

c K
�⇡+⇡+ is shown,

along with the control samples: ⇤+
c sideband (SB) ⇤+

c K
�⇡+⇡+ candidates and wrong-sign (WS)

⇤+
c K

�⇡+⇡� candidates, normalized to have the same area as the RS sample in the mcand(⌅++
cc )

sidebands.
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Figure 5: Invariant mass distribution of ⇤+
c K

�⇡+⇡+ candidates for the 8TeV data sample with
fit projections overlaid.
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scale is calibrated with samples of J/ ! µ+µ� and B+ ! J/ K+ decays [70, 71]. After
calibration, an uncertainty of ±0.03% is assigned, which corresponds to a systematic
uncertainty of 0.22MeV/c2 on the reconstructed ⌅++

cc mass. The selection procedure is
more e�cient for vertices that are well separated from the PV, and therefore preferentially
retains longer-lived ⌅++

cc candidates. Because of a correlation between the reconstructed
decay time and the reconstructed mass, this induces a positive bias on the mass for both
⌅++

cc and ⇤+
c candidates. The e↵ect is studied with simulation and the bias on the ⌅++

cc

mass is determined to be +0.45± 0.14MeV/c2 (assuming a lifetime of 333 fs), where the
uncertainty is due to the limited size of the simulation sample. A corresponding correction
is applied to the fitted value in data. To validate this procedure, the ⇤+

c mass in an
inclusive sample is measured and corrected in the same way; after the correction, the ⇤+

c

mass is found to agree with the known value [5]. The bias on the ⌅++
cc mass depends on the

unknown ⌅++
cc lifetime, introducing a further source of uncertainty on the correction. This

is estimated by repeating the procedure for other ⌅++
cc lifetime hypotheses between 200

and 700 fs. The largest deviation in the correction, 0.06MeV/c2, is taken as an additional
systematic uncertainty. Final-state photon radiation also causes a bias in the measured
mass, which is determined to be �0.05MeV/c2 with simulation [60]. The uncertainty
on this correction is approximately 0.01MeV/c2 and is neglected. The dependence of
the measurement on the fit model is estimated by varying the shape parameters that
are fixed according to simulation, by using alternative signal and background models,
and by repeating the fits in di↵erent mass ranges. The largest deviation seen in the
mass, 0.07MeV/c2, is assigned as a systematic uncertainty. Finally, since the ⌅++

cc mass is
measured relative to the ⇤+

c mass, the uncertainty of 0.14MeV/c2 on the world-average
value of the latter is included. After taking these systematic e↵ects into account and
combining their uncertainties (except that on the ⇤+

c mass) in quadrature, the ⌅++
cc

mass is measured to be 3621.40± 0.72 (stat)± 0.27 (syst)± 0.14 (⇤+
c )MeV/c2. The mass

5

mΞ++cc
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HL-LHC schedule

3

HL-LHC parameters and timeline

Nominal LHC:   √s = 14 TeV, L= 1x1034 cm-2 s-1

Integrated luminosity ATLAS and CMS 300 fb-1 by 2023 (end of Run-3)

HL-LHC:          √s = 14 TeV, L= 5x1034 cm-2 s-1  (levelled)
Integrated luminosity ATLAS and CMS 3000 fb-1 by ~ 2035   

LS2 (2019-2020):
� LHC Injectors Upgrade (LIU)
� Civil engineering for HL-LHC equipment P1,P5
� First 11 T dipoles P7; cryogenics in P4
� Phase-1 upgrade of LHC experiments 

LS3 (2024-2026):
� HL-LHC installation 
� Phase-2 upgrade of ATLAS and CMS

Project timeline from radiation damage to machine components (inner triplets): end of lifetime ~2023

Schedule driven by radiation damage 
to inner triplet (eol: 2023) �14
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Physics Beyond Collider Study

• Kickoff meeting held in September 2016 

• Study of fixed target programme 

• even with LHC beams
C. Vallée, SPC 299, Sept. 13th 2016 Physics Beyond Colliders 12

Similar layout as NA62,
with larger acceptance to
reach the c / b mass range

Beam Dump Facility
already under study

at CERN

SHiP: 
Flagship program for a comprehensive investigation 

of the Dark Sector in the few GeV domain

Exploits the unique high-E/ high-I SPS features

Physics Beyond Colliders 13

Dark sector search complementary to SHiP: 
invisible decays from missing energy

First implementation in 2016 by NA64 on an electron test beam
Wish to extend the method to μ / π / K / p beams

(+ possibly higher intensity e’s with AWAKE techno)

C. Vallée, SPC 299, Sept. 13th 2016 Physics Beyond Colliders 14

New ideas: Fixed Target physics with LHC beams

Upstream 
of LHCb
and/or 
ALICE

Internal gas target
or

Crystal extraction

SMOG

UA9

Proposed for measurement of 
magnetic moments of short lived baryons

Proposed for comprehensive PDF/Spin/HI
measurements in a new kinematical domain 

SMOG

�16



Physics Beyond Collider Study cont’d

Study of an all-electric storage ring

Strategiegespräch Verbundforschungsförderung Förderperiode 2018-2021 Physik der kleinsten Teilchen - CERN Christoph Rembser         

Examples of PBC studies

9

COMPASS after LS2:  
exotic states spectroscopy 
complementary to LHCb/PANDA

NA62 after LS2:
K0 decays 
complementary 
to K+ decays 
for the  
CKM matrix 
and 
BSM searches

Beam dump experiments for hidden-sector particles searches, 
e.g. heavy neutral lepton searches 

Storage ring
for proton EDM:
CP-violation testcurrent limits

HNL mass

Coupling

16

New idea: Pure Electrostatic Storage Ring for proton EDM
10-29 e-cm sensitivity would correspond to 100 TeV for new physics energy scale.

Pure electrostatic ring applicable to proton only

Sensitivity of 10-29 e-cm corresponds to 
100 TeV for new physics scale

�17



High-Energy Options
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HL-LHC

HE-LHC

LHeC

FCC-hh

SppC

27 TeV

100 TeV

CLIC 3 TeV

pp

ep

pp

ee



Lepton Collider Options for Higgs and beyond…
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HL-LHC

FCC-hh

FCC-ee

CepC

ILC

µµ-collider

ee

eeeepp

ee pp
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