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CERN and the LHC
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Atlas & CMS, pp
LHCb, pp

PbPb

pPb

➜ pp collider 2010-18@√s = 2.76, 5, 7, 8, 13 TeV
➜ In 2013 & 2016 collected pPb/Pbp data @ √sNN=5 

and 8.16 TeV
➜ PbPb collisions @ √s=5TeV, in 2015 & in 2018

➜ First time all 4 experiments participated
➜ XeXe collisions @√s=5.4 TeV, L≈0.4 µb-1

➜ LHCb also able to collect data in “fixed target” 
mode (SMOG) 
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The four LHC Detectors
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LHCb & 
ALICE major 
upgrades, 
ready in 
2022



Rapidity Range
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PbPb collisions
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LHCb running modes and phase space coverage 
q  LHCb can operate in parralel collider mode or fixed target mode 

Collider mode 

Fixed target mode 

p 

p 

Pb Pb Pb 

Pb 
Gas  

(He,Ne, Ar…) Gas (Ne, Ar) 

sNN =110 GeV sNN = 69 GeV

sNN = 5.0 TeVsNN = 8.2 TeV

3 

q  Kinematic acceptance pp and p-Gas 
pPb and Pbp 
PbPb and Pb-Gas 

Collider mode: forward/backward coverage 
Fixed target mode: Central and backward coverage 
                               Energy between SPS and RHIC 

Bridge the gap from SPS to LHC with a 
single experiment 

L. Massacrier                                          Heavy ion and fixed target physics in LHCb – CERN Seminar 

LHCb: arXiv:2107.03223, arXiv:2108.02681
ALICE: Eur.Phys.J.C 81 (2021), PLB 817 (2021) 136280 (http://alice-
figure.web.cern.ch/node/18568, http://alice-figure.web.cern.ch/node/19575)
ATLAS: Phys.Rev. C 104 (2021) 024906, ATLAS-CONF-2019-051,Phys. Rev. C. 104 014903 JHEP 
03 (2021) 243)
CMS: CMS-PAS-HIN-18-011, Phys. Rev. Lett. 127, 122001, Phys.Lett.B 797 (2019) 134826



Ultra-Peripheral PbPb Collisions
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➜ UPC: Two nuclei collide with each-other with
impact parameter larger than the sum of their radii 
➜ Can exchange a photon ! => Photon induced interactions

enhanced by strong EM field of nucleus.

§ Coherent: photon interacts with nucleus as a whole
§ Incoherent: photon interacts with the nucleons in the nucleus

➜ Coherent charmonia production (J/y and y(2S)) 
§ Constraints on gluon PDFs
§ Ratio of the two indicates the correct vector meson wave function in 

dipole scattering models [PLB 772 (2017) 832, PRC (2011) 011902]

Coherent Incoherent



Charmonium production in UPC
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➜ Measurement of coherent cross-section:
𝑑𝜎!"#$%$&'

(

𝑑𝑦 =
𝑁!"#$%$&'
(

𝜀'"')* ' 𝐵 𝜓 → 𝜇+𝜇, ' ℒ ' ∆𝑦 , 𝜓 = 𝐽/𝜓,𝜓(2𝑆)

[Arxiv:2107.03223, Phys.Lett. B798 (2019) 134926]

➜ Signal: essentially two tracks and nothing else in the detector!
➜ N signal events extracted from fit on Mµµ. (coherent+incoherent)

➜ ALICE explored also the mid-rapidity 
range |y| < 0.8 in ee,µµ and pp decays

➜ Coherent component extracted using 
template fits from STARlight

2.5.                  18                    135.         606 (MeV/c)  

13.10.2021

-4.0<y<-2.5

2.0<y<4.5



Results 
➜

13.10.2021 G.Manca, MPI@LHC2021 9

➜ pQCD calculation
[PRC 93 (2016) 055206]

➜ Color dipole models
[PRD 96 (2017) 094027]       
[PRC 97 (2018) 024901]
[PLB 772 (2017) 832]

➜ Integrated over y [2.0-4.5]:
𝜎!"#$%$&'
( = 4.45 ± 0.24 𝑠𝑡𝑎𝑡 ± 0.18 𝑠𝑦𝑠𝑡 ± 0.58 𝑙𝑢𝑚𝑖 𝑚𝑏

➜ Results	are	within	1.3s
|y|

➜ Extracted 
Rg=0.65±0.03 at 
Bjorken-x (0.3,1.4)×10)*

[Arxiv:2107.03223]

[Arxiv:2107.03223]



More UPC measurements ! 
➜ Exclusive dimuon production

§ ℒ = 0.48 𝑛𝑏,-

§ pT
µ > 4 GeV/c,

§ |hµ |< 2.4, 
§ Mµµ > 10 GeV/c2, pT

µµ < 2 GeV/c
§ Cross-section γ+γ→μ+μ−: σμμfid=34.1±0.3(stat.)±0.7(syst.) μb

➜ Two-particle azimuthal correlations [Talk H.Hamdaoui onThu@5pm ]
➜ Angular correlations in exclusive dijet photoproduction

§ ℒ = 0.38 𝑛𝑏,-

§ pT
j (pT

j’) > 30(20) GeV/c, hj,j’ < 2.4, φ = angle 
between QT=pTj+ pTj’ and PT=1/2(pTj -pTj’)

13.10.2021 G.Manca, MPI@LHC2021 10

[Phys.Rev.C 104(2021) 024906]

Acoplanarity 𝛼 = 1 − |Δ𝜙𝜇𝜇 |/𝜋

Acoplanarity 𝛼 = 1 − |Δ𝜙𝜇𝜇 |/𝜋

First step 
towards 

extraction 
of Wigner 
or Husimi

gluon 
PDFs

w/ LO 

20% larger in data than 

dimuon cross sections in the presence 

production is also studied and is found 

incoming photon spectrum, consistent 

[CMS-PAS-HIN-18-011]



More UPC measurements ! 
➜ Exclusive dimuon production

§ ℒ = 0.48 𝑛𝑏,-
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µ > 4 GeV/c,
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§ Mµµ > 10 GeV/c2, pT
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➜ Two-particle azimuthal correlations [Talk H.Hamdaoui onThu@5pm ]
➜ Angular correlations in exclusive j-j photoproduction

§ ℒ = 0.38 𝑛𝑏,-

§ pT
j (pT

j’) > 30(20) GeV/c, hj,j’ < 2.4, φ = angle 
between QT=pTj+ pTj’ and PT=1/2(pTj -pTj’)
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[Phys.Rev.C 104(2021) 024906]

Acoplanarity 𝛼 = 1 − |Δ𝜙𝜇𝜇 |/𝜋

Acoplanarity 𝛼 = 1 − |Δ𝜙𝜇𝜇 |/𝜋
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towards 
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of Wigner 
or Husimi
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20% larger in data than 

dimuon cross sections in the presence 

production is also studied and is found 

incoming photon spectrum, consistent 

[CMS-PAS-HIN-18-011]
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Light-by-light scattering
➜ Measurement of light-by-light scattering and search for 

axion-like particles
§ ℒ = 2.2 𝑛𝑏,- (ATLAS), 390 𝜇𝑏,-(CMS)
§ Two photons exclusively, ET

g > 2.5 GeV/c, |hg |< 2.37
§ Mµµ > 5 GeV/c2, small pT

gg & ag g

§ Cross-section γγ→ g g: σfid=122±46(stat.)±29(syst.)±4(th) μb [CMS]

13.10.2021 G.Manca, MPI@LHC2021 12

[JHEP 03(2021) 243, Phys.Lett.B 797 (2019) 134826]



Prompt J/y production in peripheral 
PbPb collisions

➜ Peripheral: the nuclei barely touch each other 
with < 2 R Pb 
§ Possible to identify also hadronic component !

➜ Motivated by excess seen by Alice [Phys. Rev. Lett. 
116 (2016) 222301]]

➜ Selection similar to UPC analyses, at very low 
pT (< 0.3 GeV/c) 

13.10.2021 G.Manca, MPI@LHC2021 13

Use pT distribution of the J/y mesons
• Hadronic : mean pT 1-2 GeV/c, 
• Coherent : mean pT < 300 MeV/c

b<2R

12.                  150                1800            22x103

(MeV/c)  

ℒ = 228 ± 10 𝜇𝑏!"

[arXiv:2108.02681 ]



J/y production in peripheral PbPb 
collisions
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[W. Zha et al. Phys. Rev. C97 (2018) 044910 / Phy. Rev. C99, 06901(R)] 

➜ Consistent measurement J/y photo-production in PbPb hadronic collisions
§ Most precise pT measurement to date ! 

➜ Shape compatible with theoretical model under two assumptions:
§ “No effect of overlap between the nuclei (UPC interaction at small impact parameter)” or 

“The overlap has an effect

➜ Yields measured : 
!"!

"

!# (!%#)
=

'!
"

(!
$%$) '!

&'ℒ)+ ,→.(.) ) ∆#()∆%#)

➜ J/y meson <pT> = 64.9 ± 2.4 MeV/c

[arXiv:2108.02681 ]



J/y production in peripheral PbPb collisions

➜ ALICE updated measurement with the full RunII dataset 
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pPb collisions
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LHCb running modes and phase space coverage 
q  LHCb can operate in parralel collider mode or fixed target mode 

Collider mode 

Fixed target mode 

p 

p 

Pb Pb Pb 

Pb 
Gas  

(He,Ne, Ar…) Gas (Ne, Ar) 

sNN =110 GeV sNN = 69 GeV

sNN = 5.0 TeVsNN = 8.2 TeV

3 

q  Kinematic acceptance pp and p-Gas 
pPb and Pbp 
PbPb and Pb-Gas 

Collider mode: forward/backward coverage 
Fixed target mode: Central and backward coverage 
                               Energy between SPS and RHIC 

Bridge the gap from SPS to LHC with a 
single experiment 

L. Massacrier                                          Heavy ion and fixed target physics in LHCb – CERN Seminar 

CMS: CMS-PAS-HIN-18-008



UPC in pPb 
➜ Elliptic azimuthal anisotropies in γp interactions

§ Two particle (h+) angular correlations in γp events selected with large rapidity gaps and 
no n-emission from pPb, compared with minimum bias events with similar multiplicity

§ ℒ = 69 𝑛𝑏,-

§ Ecal > 1 GeV/c, >= 2 tracks, with pT
track > 0.4 GeV/c, |htrack |< 2.4

13.10.2021 G.Manca, MPI@LHC2021 17

CMS-PAS-HIN-18-008

• v2(pT) 
increases 
with pT

• larger for γp-
enhanced 
events than 
for MB 
events at the 
same 
multiplicity

ATLAS also observed v2 > 0 after non-flow 
subtraction in g+Pb [PRC 104(2021) 014903]



Conclusions and Outlook
➜All experiments have produced interesting results in 

peripheral and ultra-peripheral collisions, with LHCb
showing PbPb results in this area for the first time ! 
§ More results not shown here ! 

➜ Interesting discussions ongoing among experiments with 
similar rapidity coverage 

➜With Run 3 approaching higher statistics is expected and 
broader coverage from the two updated experiments (LHCb
and ALICE)

➜Very exciting times ahead ! 

13.10.2021 G.Manca, MPI@LHC2021 18



Back-up

➜References
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Results 
➜
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➜ pQCD calculation
[PRC 93 (2016) 055206]

➜ Color dipole models
[PRD 96 (2017) 094027]       
[PRC 97 (2018) 024901]
[PLB 772 (2017) 832]

➜ Integrated over y [2.0-4.5]:
𝜎!"#$%$&'
( = 4.45 ± 0.24 𝑠𝑡𝑎𝑡 ± 0.18 𝑠𝑦𝑠𝑡 ± 0.58 𝑙𝑢𝑚𝑖 𝑚𝑏

➜ Results	within	1.3s
|y|

+++++

+ LHCb 



LHCb Outlook
➜ LHCb successfully participated in heavy ion data-taking in 2015,2016 & 2018

§ Collected good statistics  → could benefit from larger data samples
§ Many measurements performed; first ones with PbPb collisions ever!!

➜ Charmonium production in PbPb ultra peripheral collisions: refined analysis, good agreement with 
theory; 2018 results on the way! 

➜ J/y studies in PbPb peripheral (hadronic!) collisions using centrality for the first time ! Results
with 2018 dataset compared with theoretical predictions, discussion with theorists very lively

➜ More new results soon with these data 
➜ Many results also studied in view of the new detector in Run3/4

§ Yellow report on the way LHCB-TDR-12 – 17; CERN-LHCC-2018-026; LHCB-TDR-019

2126.07.2021 G.Manca, EPS-HEP2021
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https://cds.cern.ch/record/2703801


pp collisions
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LHCb running modes and phase space coverage 
q  LHCb can operate in parralel collider mode or fixed target mode 

Collider mode 

Fixed target mode 

p 

p 

Pb Pb Pb 

Pb 
Gas  

(He,Ne, Ar…) Gas (Ne, Ar) 

sNN =110 GeV sNN = 69 GeV

sNN = 5.0 TeVsNN = 8.2 TeV

3 

q  Kinematic acceptance pp and p-Gas 
pPb and Pbp 
PbPb and Pb-Gas 

Collider mode: forward/backward coverage 
Fixed target mode: Central and backward coverage 
                               Energy between SPS and RHIC 

Bridge the gap from SPS to LHC with a 
single experiment 

L. Massacrier                                          Heavy ion and fixed target physics in LHCb – CERN Seminar 
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Centrality determination in LHCb

➜ A proxy of the impact parameter b of 
the collisions can be given by 
“centrality” classes, defined as 
percentile of the inelastic PbPb cross 
section as f( 𝑠 )

➜ We use the Glauber model to derive 
Nparticipants (<Npart>), the impact 
parameter (<b>), etc.

➜ We use the energy deposit in the 
Electromagnetic calorimeter to extract 
the centrality value through the 
Glauber model

13.10.2021 G.Manca, MPI@LHC2021 23

CERN-LHCb-DP-2021-002



Ultra-Peripheral PbPb Collisions
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➜UPC: Two nuclei collide with each-other with
impact parameter larger than the sum of their radii 
➜Can exchange a photon ! => Photon induced interactions

enhanced by strong EM field of nucleus.
§ Coherent: photon interacts with nucleus as a whole
§ Incoherent: photon interacts with the nucleons in the nucleus

➜Coherent charmonia production (J/y and y(2S)) 
§ Constraints on gluon PDFs
§ Ratio of the two indicates the correct vector meson wave function in 

dipole scattering models [PLB 772 (2017) 832, PRC (2011) 011902]

Coherent Incoherent

[Arxiv:2107.03223]



Charmonium production in UPC
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➜ Measurement of coherent cross-section:
𝑑𝜎!"#$%$&'

(

𝑑𝑦
=

𝑁!"#$%$&'
(

𝜀'"'+, C 𝐵 𝜓 → 𝜇-𝜇) C ℒ C ∆𝑦
, 𝜓 = 𝐽/𝜓, 𝜓(2𝑆)

[Arxiv:2107.03223]

➜ Signal: essentially two tracks and nothing else in the detector!
§ Herschel used to further reduce the background [JINST 13 (2018) 04 P04017]

➜ N signal events extracted from fit on Mµµ;          (coherent+incoherent)
➜ Kinematic range of acceptance: 

Muons: 
§ 2.0 < hµ < 4.5, 
§ pTµ > 700 MeV/c
Dimuons: 
§ pTµµ < 1 GeV/c, 
§ ∆𝜙## > 0.9𝜋

➜ Coherent component extracted using 
template fits from STARlight on the 
natural logarithm of the momentum 
distribution

2.5.                  18                135.              606.  (MeV/c)  

ℒ ~ 10 𝜇𝑏).@5TeV (2015)

13.10.2021



Charmonium production in UPC : Results
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➜ Coherent 𝐽/𝜓 cross-section measured as a function of rapidity
➜ Integrated over y [2.0-4.5]:

𝜎*+,-.-/0
1 = 4.45 ± 0.24 𝑠𝑡𝑎𝑡 ± 0.18 𝑠𝑦𝑠𝑡 ± 0.58 𝑙𝑢𝑚𝑖 𝑚𝑏

➜ Forward LHCb acceptance 
allows great 
discrimination among the 
theory models 

➜ pQCD calculation
[PRC 93 (2016) 055206]

➜ Color dipole models
[PRD 96 (2017) 094027]       
[PRC 97 (2018) 024901]
[PLB 772 (2017) 832]

➜ Analysis update with 
higher statistics on the 
way (2018 PbPb data)

[Arxiv:2107.03223]



Study of J/y production in peripheral PbPb 
collisions

13.10.2021 G.Manca, MPI@LHC2021 27

[arXiv:2107.03223,LHCb-PAPER-2020-043 (in preparation)]Event display (I)

F. Bossù (LAL) PbPb plots 7 / 10



Prompt J/y production in peripheral PbPb 
collisions

➜ When b < 2 R Pb the collision is “peripheral”
§ Possible to identify also hadronic component !

13.10.2021 G.Manca, MPI@LHC2021 28

Use pT distribution of the J/y mesons
• Hadronic : mean pT 1-2 GeV/c, 
• Coherent : mean pT < 300 MeV/c

12.                  150                1800            22x103

(MeV/c)  

ℒ ~ 210 𝜇𝑏23@5TeV (2018)



J/y production in peripheral PbPb 
collisions

➜ Consistent measurement J/y photo-production in PbPb hadronic collisions
§ Most precise pT measurement to date ! 

➜ Shape compatible with theoretical model under two assumptions:
§ “No effect of overlap between the nuclei (UPC interaction at small impact 

parameter)” or “The overlap has an effect

➜ Yields measured : 
!"!

"

!# (!%#)
=

'!
"
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$%$) '!

&'ℒ)+ ,→.(.) ) ∆#()∆%#)

➜ J/y meson <pT> = 64.9 ± 2.4 MeV/c
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[W. Zha et al. Phys. Rev. C97 (2018) 044910 / Phy. Rev. C99, 06901(R)] 



Summary and Outlook
➜ LHCb successfully participated in heavy ion data-taking in 2015,2016 & 2018

§ Collected good statistics  → could benefit from larger data samples
§ Many measurements performed; first ones with PbPb collisions ever!!

➜ Charmonium production in PbPb ultra peripheral collisions: refined analysis, good agreement
with theory; 2018 results on the way! 

➜ J/y studies in PbPb peripheral (hadronic!) collisions using centrality for the first time ! 
Results with 2018 dataset compared with theoretical predictions, discussion with theorists
very lively

➜ More new results soon with these data 
➜ Many results also studied in view of the new detector in Run3/4

§ Yellow report on the way LHCB-TDR-12 – 17; CERN-LHCC-2018-026; LHCB-TDR-019

3013.10.2021 G.Manca, MPI@LHC2021
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2018 PbPb data upcoming ! 
➜20 times more collisions collected in 2018 @5TeV
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➜ Differential cross-section 
measurement will be 
possible in 5 bins of y

➜ Also cross-section ratio of 
two charmonium states 

➜ Stay tuned ! 

【 https://twiki.cern.ch/twiki/bin/view/LHCb/LHCbPlotsQM2019 】



Centrality
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Centrality determination in 
LHCb 
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CERN-LHCb-DP-2021-002



Systematics
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➜ Systematic uncertainties 
§ Bin width dependence 

(dominant for PbPb)
§ Hadronic cross section 
§ Fit on Ecal distribution
§ Negative Binomial 

Distibution used to model 
the particle production 



Ultra peripheral PbPb collisions
➜How does it happen? 
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Charmonium in ultra-peripheral 
PbPb collisions

➜ Interaction electromagnetic field 
ions: coherent J/y photoproduction 
(exclusive production)

➜ Sensitive to nPDF

➜ Analysis being finalised

13.10.2021 G.Manca, MPI@LHC2021 37

LHCb-CONF-2018-003

More modes to be explored with larger 2018 PbPb data sample



Phase Space Coverage and Running Modes
● Kinematic acceptance & (existing/future) beam-target combinations

● y*: rapidity in nucleon-nucleon centre-
of-mass system

13.10.2021 G.Manca, MPI@LHC2021 38

p/Pb-GAS operation so far:

p-Pb
p-p
Pb-Pb
p-GAS
Pb-GAS

Ebeam(p) pp p-GAS p-Pb/Pb-p Pb-GAS Pb-Pb

450 GeV 0.90 TeV

1.38 TeV 2.76 TeV

2.5 TeV 5 TeV 69 GeV

3.5 TeV 7 TeV

4.0 TeV 8 TeV 87 GeV 5 TeV 54 GeV

6.5 TeV 13 TeV 110 GeV 8.2 TeV 69 GeV 5 TeV

7.0 TeV 14 TeV 115 GeV 8.8 TeV 72 GeV 5.5 TeV



LHCb Detector at the LHC
➜ Single arm spectrometer in forward direction

§ Designed for b-physics, becoming a General Purpose Detector
§ Forward and backward coverage for asymmetric beams
§ Precision in the forward region not achievable by others yet
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~20 m

~12 m

10-300mrad

[ JINST 3 (2008) S08005 ]
[ IJMPA 30 (2015) 1530022 ]

Vertex Detector(VELO)
reconstruct vertices
decay time resolution: 45 fs
IP resolution: 20 μm

RICH detectors
K/π/p separation
ε(K→K) ~ 95 %, 
mis-ID ε(π→K) ~ 5 %

Dipole Magnet
bending power: 4 Tm

Tracking system
momentum resolution
Δp/p = 0.4%–0.8%
(5 GeV/c – 100 GeV/c)

Calorimeters
energy measurement
e/γ identification
ΔE/E = 1 % ⨁10 %/√E (GeV)

Muon system
μ identification ε(μ→μ) ~ 97 %, 
mis-ID ε(π→μ) ~ 1-3 %

b

SMOG

Will re-start in 2022 with a brand 
new detector! 

HERSCHEL @± 114 m  IP



Forward Extension of LHCb

➜ forward scintillators for 
selecting rapidity gaps

➜ up to ± 114m from IP
➜ central region not covered
➜ gap size 2 < η < 8

➜huge gain for diffractive 
physics and central 
exclusive production
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HeRSCheL: High Rapidity Shower Counters for LHCb

pT > 0.5 GeV/c         pT > 1.5 GeV/c

acceptance for charged pions
(simulation)

[JINST 13 (2018) 04 P04017]



The SMOG System
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SMOG :  System for Measuring the Overlap with Gas

SMOG can be used for fixed target physics:
Ø Precise vertexing allows to separate beam-beam and beam-gas contributions

● Injection of noble gas into 
interaction region

● Very simple robust system 
● Used for a precise luminosity 

determination
First measurement

at 8mm from the 
beam 

Gas pressure~ 10-7 mbar



Luminosity uncertainty 3.5-5%
(J. Instrum. 7 (2012) P01010 )

=> will reach 2% 

LHC and LHCb
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➜ pp collider 2010-18@√s = 2.76, 5, 7, 8, 13 
TeV, L ≈ 9 fb-1 

➜ In 2013 & 2016 collected pPb/Pbp data @ 
√sNN=5 and 8.16 TeV, L=1.6 & 34 nb-1

➜ 109 minimum bias collisions, ≈1M J/y’s 
➜ PbPb collisions @ √s=5TeV, L ≈ 10 µb-1

successfully collected at LHCb for the first 
time in 2015; already 20x in 2018 (!)
➜ XeXe collisions @√s=5.4 TeV, L≈0.4 µb-1

➜ LHCb also able to collect data in “fixed 
target” mode (SMOG) 

p p
Limited to 60-100% 
in centrality due to 
detector saturation

http://dx.doi.org/10.1088/1748-0221/7/01/P01010


Multiplicities
➜d
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PbAr Simulationpp 2012 Data

Figure 9: Pb-Pb event display with large number of reconstructed tracks (1130) and J/ candidate.

10

PbPb 2015 Data
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pPb 2013 Data


