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* Historical perspective of global analysis
« Charged particle distributions, limiting fragmentation

* Selected CMS results on global properties
 Charged particle distributions
 Angular correlations
« Diffraction
* Inelastic cross section
 Charge exchange
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The CMS experiment
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The CMS detector
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A single detector combines global characterization and specific probes
* Silicon tracker: pixels and strips (|n|<2.4)

* Electromagnetic (|n|<3) and hadronic (|n|<5) calorimeters
* Muon chambers (|n|<2.4)

* Extension with forward detectors (CASTOR 5.3<]|n|<6.6, ZDC |n|>8.3)
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The Hadron Forward calorimeter
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Global event properties - early questions

What is the energy released in a collision?

Are ions (hadrons) transparent? How much?
Are baryons stopped in a heavy ion collision?
Number and momentum of final state particles?
Total, elastic, inelastic cross section, diffraction
Correlation between particles

Saturation at low x (high rapidities)
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Questions about high eta

Questions

Initial state = final state
Cold nuclear matter <= “hot” medium

Saturation, CGC
small xg

Baryon stopping
transparency

Energy loss
in hot and cold
‘medium”

Leading
baryons at

. Scaling:
highm high n
Gabor Veres "%}d}, QM'05 Budapest
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Gluon saturation

Saturated initial state gluons
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p,=m-;sinh y = p; sinh n =2> \/_

Rapidity: generalized velocity / t

Pseudorapidity ~ y: easier to measure Feynman x: « p,

Xg; : deep inelastic scattering

> €
In the c.m. system:
pre™
0P = UEE - k*k") Xgf~ 1
- 1
pi \s-p-e
X = szm
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Measurements at RHIC (PHOBOS)

4 2

19.6 GeV =

dN/dn vs. n

Comprehensive
collection from
PHOBOS
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Scaling and saturation
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Longitudinal scaling vs. collision energy
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Centrality dependence: heavy ions

AutAu 130 GeV Saturation model
provides a good
description

of the dN/dn data

dN_,/dn

Nucl. Phys. A 757 28 (2005)
J.Phys.G 30 S751(2004) 7y
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Predictions/extrapolations to LHC

Central Pb+Pb collisions at LHC energy
Assuming: dN/dn grows xlog(s) and linear scaling at high n holds

200 GeV

130 GeV

1A HUINGT, 31
19.6 GeV 1021 | e DPMJET-II
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" ALICE Tech. Proposal,
Acta Phys.Polon.B35 2873 (2004 ) M. Nardi, various models and fits
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Extended longitudinal scaling: v,

> n 1af
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=> These scaling features of the bulk hadron production
at high ) are unexplained by initial state models alone.
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23" November, 2009, 19:20:55 CET
The first proton-proton collision
at the LHC
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Trigger ideas before the LHC startup
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Regions of ideal data for different bunch patterns

ptp - Vs = 14TeV (6 = 79mb)
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« Random trigger, Level-1 Luminostty (em™ )
Zero bias: trigger on crossing of filled bunches
Optimal for moderate intensity, heavily prescaled

» At least one track in the pixel detector, HLT
Very low bias, optimal for very low intensity running (e.g. 900 GeV)
Efficiency: 88% IN, 99% ND, 69% DD, 59% SD at 14 TeV
Can be combined with offline vertex trigger
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Trigger plans for minimum bias
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- Count towers with E;.>1 GeV in the forward calorimeters (HF, 3<|n|<5)

- Require hits on one side: 89% IN efficiency (900 GeV)
- Require hits on both sides: 59% IN efficiency only, but insensitive to beam-gas

Usability of triggers depend on bunch pattern and luminosity
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Analysis plans before LHC startup
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- Count clusters in the pixel barrel layers, as done in PHOBOS at RHIC
- Use pixel cluster size information to:
.. estimate the z position of the interaction vertex
.. remove hits at high ) from non-primary sources
- Correction for loopers, secondaries, expected systematic error below 10%
- No need for tracking and alignment, sensitivity down to p, of 30 MeV
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Analysis plans before LHC startup

__barrel layer of the third hit
iy

* Pixel detector
3 barrel layers (radii: 4, 7, 10 cm) and 2 endcaps on each side
 Hit triplets
Use pixel hit triplets instead of pairs, lower fake track rate
modified triplet finding, reconstruction down to p,=75 MeV/c

cluster shape must match trajectory direction, very low fake track rate

Tracking optimized for all p;
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Analysis plans before LHC startup

p-p @ 14 TeV (Pythia)
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Analysis plans before LHC startup

p-p @ 14 TeV (Pythia)
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The first CMS paper: dN/dn distribution

Data taking: 12 and 14 Dec. (= 2Xx2 5 NSD
hours), ~ 10 Hz collisions, no pileup s | < 2.5
» Trigger: Beam Scintillator Counters g ost ]
(BSC) AND beam pickups (BPTX) Rl
« Event selection: o]
>3 GeV total energy on both sides in the . Charged-particle multiplilty
Forward Calorimeter (HF) 85C | :(a»' ~ - _w
Beam Halo rejection (BSC) \ e L PhouETosTaY -
Beam background rejection %0'04-_ %% a(f;teeneera;egsiﬁgg
Collision vertex 5 | K 0% nl < 2.5
Efficiencies: Booz 5 1
NSD: ~86 % Y
SD: ~19 % N I

0 10 20 30 40 50 60
Charged-particle multiplicity

DD: ~34 %
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Detector performance l.

 The CMS silicon pixel and strip tracker detectors were used
* Pixels: three 53.3 cm long layers with radii 4.4, 7.3, 10.2 cm
* >97% of all channels were operational, hit efficiency optimized

005:_(Ib) T T | T T T | T T T | T I(:Mlsl: K (Ia)l T T T T T T | T T T T | T ICIMSI j
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L i L
0.01F -
0 - L ...1',' R " -
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Angle-corrected cluster charge [ke]
The energy loss in the tracker The vertex position distributions
layers well described by MC are clean Gaussians, with no tails
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Detector performance Il.

Fraction of tracks
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Number of pixel hits on track Number of strip hits on track

The number of hits in the pixel and strip tracker attached
to tracks agrees with MC. The hit reconstruction efficiency
is higher than 99%.
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Cluster counting method

« Counting hits (clusters of pixels) O T T T
in the pixel barrel layers B oo
» Cluster length ~ |sinh(n)| O ]
* Shorter clusters are eliminated 14 |
(loopers, secondaries) 2F el s T —

» Corrections for loopers, 10}~ M il

weak decays, secondaries
* Independent result for all 3 layers
* Immune to detector misalignment
* Sensitive to beam background
* Note: our detector is noise-free!

o 000N000o000oo 0 oond oong

3 -2 -1 0 1 2 3

Pixel cluster length along z [pixel units]

o N O

M

Pixel cluster length along the
beam direction as a function of
n. The solid line shows the cut
applied.
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Tracklet method

* Tracklets: pairs of clusters on
different pixel barrel layers

* The An and Ag correlations are
used to separate the signal

* A side-band in Ag is used to
subtract combinatorial
background

» Corrections for efficiency, weak
decays, secondaries

* Independent result for all 3
layer pairs

 Less sensitive to
beam background

| —

Tracklets
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Tracking method

* Uses all pixel and strip layers

* Builds particle trajectories
iteratively

* Low fake rate achieved with
cleaning based on cluster
shapes

* Primary vertex reconstructed
from tracks - agglomerative
vertexing

e Compatibility with beam spot
and primary vertex required

* Immune to background

* More sensitive to beam spot
position and detector alignment

JHEP 02 (2010) 041
459 citations

N
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In|=0.5
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Differential yield of charged hadrons
in the range |n|<2.4 The n bins are
shifted by four units vertically.
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Results: p_-distribution
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* The transverse-momentum I 4ol |
distribution of charged hadrons © . * Data09TeV
was measured up to 4 GeV/c. > L .
((B = O Data 2.36 TeV -
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function combining a low-p- o 107 L _
exponential with a high-p; tail _C:’
© [ i

ey : T 102 L _

« With increasing energy, the p,- o 10
spectrum gets “harder” U5 I ]
(as expected) —~ 10°F =
o 5 :
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Results: dN/dn

| |
S A z | ool ; L]
: e b g b §*
ot N
g o Pha e
= E
©
2 — 09TeV 2.36TeV —
° o] Cluster counting
1 . o Tracklet _
i A A Tracking i
i | | | | 1 | I 1 1 I
0 -2 0 2

y
dN_/dn distributions obtained from

the three methods at 0.9 TeV and

2.36 TeV. The error bars represent
systematic uncertainties excluding
those common to all the methods.
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dN_/dn distributions alleraged over the

three methods and symmetrized in v. The
shaded band represents systematic
uncertainties. The error bars on the UA5 and
ALICE data points are statistical only.
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Results: energy dependence
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First 7 TeV paper from CMS

Collision rate ~ 50 Hz

“pileup” ~ 0.3% (neglected)

« Trigger: any hit in the Beam Scintillator
Counters (BSC, 3.23 < |n| < 4.65) AND a
filled bunch passing the beam pickups

(BPTX)

e Off-line event selection:

>3 GeV total energy on both sides in the Forward
Calorimeter (HF 2.9 < |n| < 5.2)

Beam Halo rejection (BSC)
Dedicated beam background rejection

Collision vertex

55100 events

remain after all cuts

Efficiencies:
NSD: ~86 %
SD: ~27 %
DD: ~34 %
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Rejecting beam-gas events

e T . 210 —
@ - ] = . ns |
o18p E 2 Real collisions 2z
o 16| / 2 g
< | ; g
o14f / o
S1ofF A £ 6
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R R R
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o | \ °
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2; l\i\-'\{/{ _
—"'Tl""l'\' L L L] n ] ] ] ] | ] ] ] | ] ] ] ] 1
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Vertex-cluster compatibility:

Ratio of #clusters in the Beam-scraping events have

V-shape and #clusters in the a lot of pixel hits but ill-defined

vertex
V-shape offset by £10 cm erte
Remaining beam-gas fraction: 2x10-
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Estimating diffractive fraction from data

Our measurement is corrected for
inel. non-single-diffractive events!

Inelastic —

Incomming

Singly Diffractive

SD

Doubly Diffractive

DD

Non-diffractive

~ ND

0.06 -

0.04

Non-singly

, "F diffractive

0.02

» Run 124023 (900 GeV) |

* thia - Best Fit DF
0.9 TeV a xlh;-Be:tF:tND —

i —— pythia - Best FitAll |
"| ND+SD+DD
I ./ SD+DD
| Data ND / |
L -Dgﬁ;wn‘;r/;;;na .

U ow BOF oL ox . * ok oAk %

1 1 | | | | | | 1 | | | | | | I*
0 20 40 60 80 100

¥ E+Pz (HF+)

The HF calorimeter data is used to fit the SD+DD fraction in data
using PYTHIA event shapes. PHOJET was also studied similarly.
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dE/dx information in the silicon

Silicon pixels Silicon strips
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Cluster charge / 135. P (GeV)

Excellent agreement with simulations
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Comparison with models
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Observation of single diffractive events

Variable used: Z(E+p,) = ZE(1+cos6) = =(p,e")

The sum runs over the full calorimeter acceptance
Events below 5 GeV are mainly single diffractive type:
almost no forward energy on the +z side PYTHIA describes the ND

1 part better than PHOJET
‘;\ SDUD - T T LI — T T T L B B B =] “; B T M ]
3 - CMS Preliminary 2009 1 & 120 = E
E 2500 ey —e— p+p (0.9 TeV) BSC OR and Vertex | E P o B
E_ B [—] Energy scale+10% ] -?- L |
L. 2000 o ot 4w e i
V.__\] - —— ——  PYTHIA Non diffractive . @ 80— -
o N —— + = PHOJET Non-diffractive ] g - .
$ 1500F 0.9 TeV 1 S o =
1000= . — . — . ~ = a0 . . -
500:— _: 20— | . |
: | 1 1 1 | I | | 1 1 | | I | . L Il L1 Il
03 1'0 1,'32 0 10 102
. . . E+ GeV
Uncorrected distributions D (E+pz) (GeV) 2 (E+pz) (GeV)
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Observation of single diffractive events

Enhancing SD events:
E...<8 GeV was required (LRG over HF-)

PHOJET agrees better with the data (for high-mass SD)

‘f."'\ 500 [ 1 I 1 I T 11 | I 1 1 1 LU I _
> - =
& 490E CMS Preliminary 2009 —
— 400 —e— p+p (0.9 TeV) BSC OR and Vertex —

- ] Energy scale+10% .
H — e PYTHIA D6T —

w sonmmnas D PHOJET 3
300 — ——  PYTHIA Non-diffractive —
2 - — - — PHOJET Non-diffractive =
2 250F E
© - 1

200F =

150 =

100 R — =

— S _l —_— = —E

20 - —— o -
0] 10 10°

2 (E+pz) (GeV)
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Heavy ions

= T IIIIIII| T IIIIIII| T T T TTTH

9 i_ —i —e— CMS, 0-5% PbPb 4~ CMS, NSD pp
- . —&— ALICE, 0-5% PbPb -t ALICE, NSD pp
. 8 E . —&— PHENIX, 0-5% AuAu - UAS, NSD pp
ﬂt’ 7 f— _f Q 10 — —— PHOBOS, 0-6% AuAu ~# UA1,NSDpp |
8 F | . E - ---e-- CMS, 0-70% PbPb .
E 6 :_ Pbpb \|I SNN =2.76 TEV _: E : --&-- ALICE, 0-70% PbPb :
= _f ] = .-~ PHENIX, 0-70% AuAu o
g SF B ° I - :
— 4 ; * CMs 1 — | e .
§: O ALICE § i il |
—% 3 % RHIC, 200 GeV, x2.1 R
S 5L« RHIC,19.6 GeV, x4.2 4 T -
1 ;_ o pp NSD, CMS, extrapolated _; . g;g: : ::::
. | m pp inelastic, ALICE, extrapolated 1 | e -0.402 + s
0_ — — _ — | 1 | Lol ] Lo ool ] L
0 100 PﬁOO 300 400 y 02. 103 10°
part \/S,, [GeV]
* Centrality dependence * Vs -dependence:
- Similar to RHIC results - p+p, Pb+Pb: power law

- Various experiments agree (!?)
JHEP 08 (2011) 141
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Transverse energy density

[T T 17T | T 1T |III I| T T I| T II|II T | T ] T T ||||||| T T T T TTTT T T T TTTT T T 1
- CMS © (N )=304 - AMPT central - 12 B N
L .Fbeb sy=2.76 TeV B¢ Npart =187 — - HYDJI?T 1:8 . - —— FOPI, 0-1% AuAu _
4| | Ldt=0.31 ub™! N —— Gaussian fit | B i |
10 = + Npﬂﬂ> 53 === Landau-Carruthers 3 10 __+ E802, 0-5% AuAu '.‘1. _
- = (N, =16 ... Landau-Wong ] 2 4 NA49, 0-7% PbPb Qo
— i . 1 2 | = wA98, 0-5% PbPb i
> — == - — —_— 8 - '..’ _—
® =s- S ®L _m PHENIX, 0-5% AuAu : :
g 103 - R — = . ‘! _
= - M B S RO . 23 _ e CMS, 0-5% PbPb 4 .
E - _'__'_—T— = "‘::'_“.'.;.:,‘_ i =~ 6 RHIC : : :‘; I
ul B ¥yl ] = L — parametrization g 4
= B 0.2 9 T
- pp - §|_ L 0.46 522, \[s, > 8.7 GeV ]
A AN N - —
10% £ _ﬁ_—ﬂ‘—a—_ﬂr = =) - 7
C _ﬁ_—a— 7 i ]
T = i e 7 2 = ]
[ T ] i j
I T | I T || 11 || L1 1 || [ I | | I I | | | 0- {:\ IIIIII| 1 IIIIII| 1 1 IIIIIII 1 I-

0 1 2 3 4 5 1 10 102 10°

nl \/Snn (GeV)

PRI 108 Ei012) 15280 n-coverage: with the HF calorimeter

Related to the large energy density created in the collision
Huge increase as a function of Vs
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Energy release: measured up to high |n|

CMS PRELIMINARY CMS PRELIMINARY
> PbPbNs,-276TeV g 9 s
N5, = e [a —
© q0° — o ke /%
S, N a 0_93 //////\{W\m WM_
§ 104 ‘Qi{"t K- -4 > ;'?’?' Y E W
Ll_é q\“‘ ‘g‘% ., o Waa‘ ’ ", ] 08E Ww
103 qz,\’u ° !qt!‘“"‘!' 7 m‘lﬂ _§ U?: ' ]
‘E“:-“w 3 (8
102 g%'u,, ‘uﬁf 3 0.6: E
W Data (centrality) E - —E.Eﬂ <N <-5.19
10F —eos S S ) (480 <n <44
~-QGSJetll |5 ?Hli E$ﬁ2| 0.4; | |]|]]E]]]-n.35-:ln-:n.35 -
6 4 -2 0 2 4 6 0 100 200 300 400

n

: : N art
* At high |n| values the ratio of the P
energies measured in central
and peripheral collisions is closer to 1

CMS PAS HIN-12-006 than at midrapidity
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Correlate particles in
tracker with those in HF.

Consider all o\:\oa o—>

0

two-particle oo ;: . OE?“H

correlations.
‘..--"

- Methods have different sensitivity
to event-by-event fluctuations and
non-flow effects.

Four-particle Cumulant

Consider all
[ w particle
— _ |
1%3?_5 Igﬁ?jg 0" 9% oo correlations
cnrre?ations o o °~> -(Not all
E shownl).
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Higher order Fourier components

CMS L, =39ub’ PbPby's,, =2.76 TeV 1 <p™" < 3 GeVic

......................................

V. is measured from two-patrticle
correlations at large An
V
© o
o
I
4"13 o'
> .
-b . .
-ﬂ- . ’
-I-rI—. ;
i ..,..::{::::}H' +———+———
. EP.‘
' e e
I*E-I- .
»-ue
e
B%
- = :
" .
L.
| e
>
L= w»
H .
L e
.

T
Ny :-,.;. ..... h.ﬂéd%,ﬁ_; ..... ety ot -" ..... T
c 1" %, * e o ¢ et 60709 & |
= 01} e, 4 e
' L]
e e e e
T T Y YT P T T P T P T T
0 5 10 15 R 5 10 15 0 5 1015
"9(GeV/c) pre(GeV/c) ™(GeV/c) "9(GeVic)
V. (n>2) barely changes with centrality EPJC 72 (2012) 2012

PRC 87(2013) 014902
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Jet reconstruction in heavy ion events?

Early idea from the Technical Design Report for Heavy lons:

B GeV

&0

qu CE" —

Nﬂ cell —=

1. Subtract average pileup
2. Find jets with iterative cone

algorithm
3. Recalculate pileup outside the

cone
4. Recalculate jet energy
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CMS Experiment at LHC, CERN
Data recorded: Sun Nov 14 19

39 2010 CEST

31

Run/Event: 151076 / 1328520
jet

| Lumi section: 249

jet energy loss

T
c
o
L

First heavy ion coll

ing

0 GeV/c

70

Sublead

t

ing je
1 GeV/c

Lead
205

Pt

890 citations

Phys.Rev. C84 (2011) 024906
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First discovery at the LHC: correlations

Experiment at the:

JHEP 1009 (2010) 091

1081 citations
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CMS tracker: excellent for correlations

Cables and services

B0 01 02 03 04 05 06 BF 0B A9 10 0 12 13 14 RE 18

| ﬂ_,,1.a

':,.1.9

T .20

ez

.22

e i f o33

— i”_'i“' |i |u B (/85 || | SR | oIS
f_—T—_—::_-;-L—-_‘Hﬁ |!?l@ 3| R R

g 1 |

Coverage up to |n|<2.5; extremely high granularity, to keep low
occupancy (~ a few%) also at LHC nominal luminosity.

Largest Silicon Tracker ever built: Strips: 9.3M channels; Pixels:
66M channels. Operational fractions: strips 98.1%; pixel 98.3%

m Gabor Veres, India+ lectures, 2022



Correlation function definition

1 d 2 N signal 1 d 2 N bkg

B (An.AQ) =
N(N - 1) dAndg ARG = N ndAe
Background:

Sy(An,Agp) =

. 5
Same event pairs A N Mixed event pairs
Ratio Signhal/Background

®
. w
»
® -
% ®
" .
®
L3 -
.
* .

Sy(AnAg)
B, (An,Ap)

)

R(An,A@) =<(N -1

4 p-inclusive two-particle
i" —h angular correlations in
¢ =@ - @, CMS pp 7TeV @ ¢ 0 2 minimum bias collisions
_4 -2 M\
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Angular correlation function

CMS 7TeV pp min bias

Short-range correlations (An < 2):
Resonances, string fragmentation,
“clusters”
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Angular correlation function

Lower p; “clusters”
CMS 7TeV pp min bias

2 Higher p; “clusters”

Short-range correlations (An < 2):
Resonances, string fragmentation,
“clusters”
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Angular correlation function

CMS 7TeV pp min bias

Near-side” (A¢p ~ 0) jet peak:
Correlation of particles
within a single jet
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Angular correlation function

“Away-side” (A¢p ~ x) jet

correlations: Correlation of
particles between
back-to-back jets

CMS 7TeV pp min bias

Near-side” (A¢p ~ 0) jet ptak:
Correlation of particles
within a single jet
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Angular correlation function

CMS 7TeV pp min bias

Bose-Einstein correlations:
(A ,An) ~ (0,0)

5.
4

Momentum conserw
~ -COS(Ad)

E Gabor Veres, India+ lectures, 2022



Angular correlation function

“Away-side” (Ap ~ ) jet
correlations:

Correlation of particles between
back-to-back jets

CMS 7TeV pp min bias

" Bose-Einstein correlations:
(A ,An) ~ (0,0)

4

Momentum conser\%
~ -COS(Ad)

“Near-side” (A¢p ~ 0) jet peak: Short-range correlations (An < 2):
Correlation of particles within Resonances, string fragmentation,
a single jet “clusters”
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Correlations in minimum bias pp

CMS pp Data

(8] CMSYE = 0.9TaV [b] CMSAE = 2.36TeV {c) CMSYE = TTaV

R(An,A9)
R(An,A9)

2

-4

Pythia D6T

(&) PYTHIAYS = 0.9TeV ib] PYTHIANS = 2.36TeV (el PYTHIANE = TTeV

-2 N0 )

1 -2 a0\
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High multiplicity events

CMS Experiment at LHC, CERN

Data recorded: Thu Jul 8 22:25:58 2010 [
Run/Event: 139779 / 4994190

Lumi section: 5

Orbit/Crossing: 1

268 reconstructed particles in the tracker in a single pp collision:
the highest multiplicity event in ~70 billion inelastic events sampled (1/pb)
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Extremely high multiplicities

a" .f ' ‘cMSPreliminary = '] These correlation studies focus on
10°¢ | o CMS the tail of the distribution, where
102 ey, 7 TEV (x10000) Covrag various MC generators severely

- gy - -PHOJET under-estimate the data
10§ 1 (an exception: PYTHIAS).
1 1 Motivations:
1077 < — Trying to find (more) unexpected
N 1 effects in this regime
107F 3 — Learn more about (soft) QCD and
10°F 1 particle production mechanisms with
; 1 more differential measurements
10 3 4 — Highest multiplicities in pp begin
50 1 to approach those in ion collisions;
107} g 1 can we learn something about
10-6T""'-"-'-'"-'*""-"""-'-"-"' similarities or differences?
0 20 40 60 80 100120 140160 180

n
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High multiplicity trigger

Dedicated trigger was needed to record highest multiplicities

T I.-I.I

300|— m w HLT_PiselTracks_Multiplicity8s

Level-1 (hardware):
Requires E;> 60 GeV

in calorimeters

I=I 1 T

/
(GeV)

L1 ETT

o

[—
e
)

1 I 1 I 1 E 1 I [l I [l L '] 1 I 1 [l 1 ([
50 100 150 200
Nnnlinc

/ o
High-Level trigger (software)

More than 70 (85) tracks with p; > 0.4 GeV/c, |n| < 2,

within dz < 0.12 cm of a single vertex with z < 10 cm.
~50% CPU usage of the HLT
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High multiplicity event statistics

—+— MinBias ' —+— MinBias
—— HLT N"'**>70 —=— HLT N"*>85

21 1000 times more
= | high multiplicity events
recorded with the trigger
‘ .:E:'?,"..
N

compared to Min. Bias

! : Multiplicity binning uses
I pr > 0.4 GeV/c
g1.0F + ' - |An| < 2.4
EII]'.ErE E I
= | _ : v
= [ , , ] . . ! y - :
0.0, 50 100 150 ) 50 100 150  Multiplicity bin (N2"¢) | Event Count | (NoE!ne)
Nog " (Ml<2.4,p, >0.4GeV/ic)  Nyp™(m|<2.4,p >0.4GeV/c)  MinBias 21.43M 159
, Nifline < 35 19.36M 13.0
Two different HLT thresholds: 35 < Neffine < g9 2.02M 453
Nonline > 70 and Nonlire > 85 90 < Ngifline < 110 302.5k 96.6
Noffline > 110 354.0k 117.8
HLT85 trigger un-prescaled out of 5x10% collisions

for full 980nb!
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Results, inclusive p.

MinBias high multiplicity (N>110)

(a) MinBias, pT>0.1GeWc (c) N>110, pT>D.1GeWc

R(AM,AQ)

Jet peak/away-side correlations enhanced in high multiplicity events
Abundant jet production in high multiplicity sample
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Results, inclusive p.

MinBias high multiplicity (N>110)

(a) MinBias, pT>0.1GeWc (c) N>110, pT>D.1GeWc

I
SN

After cuting off the jet peak at (0,0) we can observe:
Structure of away-side ridge (back-to-back jets)
Small change for large An around A¢p ~ 0 ?
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Results: 1<p.<3 GeV

MinBias high multiplicity (N>110)

(b) MinBias, 1.0Ge\h‘c-¢pT¢3.l}GeWc (d) N>110, 1.DGerc<pT<3.UGerc

R(AN,AG)

JHEP 1009 (2010) 091

Pronounced new structure
at large An, around A¢p ~ O ! 1081 citations
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lllustration of the effect

™

Particles surfacing in
the same time zone,
but far away in
latitude, talk to each
other...

...What mechanism is

the “telephone line”?
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Correlations in PYTHIAS

(a) MinBias, pT>IJ.1GeWc (b) MinBias, 1.DGeWc<p1<3.uGeWc

R(An,A0)

No A¢p ~0 structure at large An
— Same for Herwig++, madgraph, PYTHIAG
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Multiplicity and p_-dependence

Increasing multiplicity

R(A)) R(A)) R(A¢)

R(A9)

Increasing p;

[

»

I 'I]-.lif;e\r'la't:f]:-TéII.IZIGe"&'a'n:I
N<35

' I.l](}e\r’l.fcﬁp_rﬂl.l](}e\’.fcl

T 2.0GeVie<p <3.0Gevic

13.0GeViesp <4.0GeV/

il « CMSpp 1 2.0<|An|<4.8 ]
—PYTHIAS 1 usl )
»ﬁ?f"'_r‘j ¥ htaasntat

[ 35<N<9)

I j ]
I ]
e J
I'__ 1 0 1 1 L
[ 90=<N<110
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(d) N>110, 1.DGerc<pT<3.DGeV/c

R(An,A9)

Project |An| > 2
onto A¢

e



Quantifying the associated yield

Bata

Zero Yield At Minimum (ZYAM) L = FYTHIAS

Associated yield:

correlated multiplicity per particl

Associated Yield

0.04

0.02

0.00

N>110
2.0<|An|<4.8
1GeV/c<p,<2GeV/c

1" Minimum of R

1] T T T T I T T T T | T T __| T T T T | T T T T T _.| T T T T | T T T T | T T
L 0.1GeV/e<p <1.0GeV/c LOGeV/e<p <2.0GeV/e 4+ 3.0GeV/e<p <4.0GeV/c

® CMS pp TTeV o 1 |

O PYTHIAS TTeV + o 1 2 . O < |A’|’] | < 4 . 8 i

— - — — — ® o
e %= & o4
| IR | P B | | 4 1 | | 1 | T
0 50 100 0 50 100 0 50 100 0 50 100
N
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Like-signh and unlike-sign pairs

n T T T T | T T T T | T I__I T T T T | T T T T | T T __I T T T T | T T T I | T T _.I T I T T | T T I T | I T
i l].chVfc<pT{1.l]Gch 1 l.ﬂGeWc:{pT{Z.OGeWc 1 Z.IJGeWc:{pT{lﬂGeWc 1 3.l]GeWc{pT{4.0GeWc
I o Likesign 1 i 1 |
< 0.04 ' -+ + + -
= O Unlike sign 1 1 1
=,
L il = 1 1
= —
3002 - [ — -
i | : s
s . T R s P
O e R R S
I I ol et ey | | i I L | d 0| L
0 50 100 0 50 100 0 50 100 0 50 100
N N N N

No dependence on relative charge sign
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Inelastic cross section of p+Pb

 Events tagged using the HF calorimeters:
double-sided and one-sided condition

 Contribution from photon-induced events

 Possible coherence and correlation effects
(Glauber)

« Cosmic rays: important for proton-air xsec
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Event counting

max(Epps, Exp.) < single arm, threshold: 8 GeV

Enr = ¢ . double arm, threshold: 4 GeV
min(Eypy, Epp.) €
%.. II.IIDt T T T —TT 6 "'.'IDa‘a1 vorrrrr oo 'c':h'ﬂglpre"r'nin;r}:
ala imi
Q {0k © HIING 1.383 CMS Preliminary B 10g ° HUNG1.383 Pb, $,=5.02 TeV
2 0 EPOS-LHC PPD, {5,=5.02 TeV bl o EPOS-LHC pPb, {5.,=5.02 Te
© + QGSJetll-04 single-arm selection 4y} + QGSJetll-04 double-arm selection
€ 1E ' 1P (STARLIGHT+DPMJET/PYTHIA) €  1g " 1 (STARLIGHT/DPMIETIPYTHIA)
olse
) o
c c
S— S
0 %)
— —
- c
) )
> >
O (b}

1 - |IIEI| i | i IIIIiI
0 1 10 10°?
E.r [GeV]
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Composition of the event sample (single arm):

— lllll L} 1 I]lllll L] T fll]lll L L] LI
Event composition S 105 Mo Undertow:05x10%) _ OMS Smulator
B2, - [lsD2 (Underflow: 0.6x10%) PPP: 18:=5.02TeV
i EPOS-LHC ]
E e .DD (Underflow: 0.5x10°) single-arm selection 3
Cartoon of a single diffractive event: = 1 CD (Underfiow: 0) g E
E o'k [ ND Underflow:0) _
2] g 3
— ~ -
GCJ B i
> 10°E 3
o ; .
107
10
16TeV 4TeV B
1 10 107 a
: o o o o . 1 Ratio Ratio E eV
Model Selection SD [%] DD [%] CD[%] NDI[%] Y [%] (MC) (Data) HF [ ]
No selection 4.5 4.5 1.1 90.0 100 -
EPOS-LHC Single-arm 1.7 24 0.7 88.9 93.7 0.969
Double-arm 1.1 1.8 0.5 87.3 90.8 ’
No selection - - - 100 100 -
HIJING Single-arm - - - 97.7 97.7 0.972 0.966
Double-arm - - - 949 94.9 '
No selection 5.1 1.8 0.0 93.1 100 -
QGSJETII-04  Single-arm 1.2 1.2 0.0 92.0 94.4 0.971
Double-arm 0.3 0.7 0.0 90.7 91.7 ’
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Corrections

- - gs= . > 1F =

* Noise from non-colliding triggers 2 098" E
(5.4 and 0.5% for single- and S 096" :
double-arm selections) D 0.04" E
0.92/ :

* Contribution from yp (3.4 and o
0.02%) OF}B-:; Hijing 1.383

~— EPOS-LHC
° pi|eup (1_8%) 0_86;——-OGSJeIII-U4

084 ;_CMS Preliminary

 Extrapolation to full phase space (9 0.82L0Pb.15,-5.02TeV E

and 6%) 0. gEomstmeseden )
2 4 6 8 10 12 14
* Electromagnetic processes from Eye [GeV]
STARLIGHT B Bh
-
T
F:"""LTF
P P
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Visible cross section: 0, all processes that pass selection cuts

Visible hadronic cross section: 05,4, €lectromagnetic events subtracted from o,

Hadronic inelastic cross section: o,,y, the visible hadronic xsec extrapolated to full phase space
Systematic uncertainties: luminosity (3.5%), extrapolation to full phase space (0.5% and 1.6%),
photo-nuclear contribution (0.2% and <0.1%), HF energy resolution (1.7% and 0.8%), selection cuts
(0.6% and 0.2%) and variations of noise correction (1.2% and 0.2%), in total: 4.4% for both selections

Selection Ovis (b) Uvis,had (b) Uinel (b)
Exyr > 8 GeV (single-arm) 2.003 1.938 2.063
Eyr > 4 GeV (double-arm)  1.873 1.873 2.059

Averaged result: 6;,,~ 2.061 * 0.003 (stat.) + 0.039 (syst.) £ 0.072 (lumi.) barns

Phys.Lett.B 759 (2016)
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2.1

1.9

—&— CMS
—@— (COMPETE+TOTEM) + Glauber
A EPOS
A EPOS-LHC
qp QGSJetll-03
B QGSJetll-04

CMS Preliminary _
pPb, |s,=5.02 TeV _

Gabor Veres, India+ lectures, 2022

Oinel (O]
N
(0]

N
N

- @ CMS(126nb")
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— ¥ Avakian et al.
R QGSJETII-04
— - DPMJET3.06

<. DIPSY
--- EPOS-LHC

— (COMPETE+TOTEM)+Glauber .

CMS

pPb collisions |

10?

10°
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Charge exchange... the muon puzzle

* Measurements of ultra high energy cosmic rays
(eg. at Pierre Auger Observatory)

« Muon component / shower not reproduced by simulations

24
2.2 4

2.0 -
1.8 1

1.6 1

144

1.2 4

(Ry) /(E/10" eV)

1.0 4

1.0 —
o Epos LHC E=10"eV, 0 =67°
== = - 08| © QGSJETII-O4
a ©1 & QGSJeT 1103 —_
M el ¢ QGSJETO1 Auger
e .. o [ e ]data
—_— T o2 o. °=<_
—_— Fe éo.-’lﬁ 'F}HHL“‘E_
O o *~_
) L 0.2 Fe \ " ) D“‘x
® Aug{:rdau Tt p N \ e e
- Epos LHC I 0.0 He \
~ QGSJET II-4 : p©
T 0w T2 680 700 720 740 760 780 800 820
E/eV (Xmax) / gem—2

- could this be measured in the laboratory (at LHC energies)?

* See whether simulations predict measured data well

2/20
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Charge exchange and ZDC

ZDC Layout

4 HAD sections - stacked
behind each other

T+

HAD4

Reaction Plane Detector (RPD)

TSRS
“' Kalonméter

| INTERACTION
POINT

CMS sxeiet

tungsten plates

EM section
4/20
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Energy distribution in the ZDC (MC)

EPOS 1.99 pp Vs =7 TeV

3
- oo % ————
3 - 00C00 O without ch.ex. -
- e O -
g oosf ° “0o chax -
i = o OOOO o :
- o .
T 0.04F o -
g - O C}O :
O - OC} -
0.03 :_O OO —:
N @ .
0.02 % =
- ° -
- $o .
0.0172 o -
0 - I T AT B A A A A A T I A A A T AT A T IR AT R B -

0 500 1000 1500 2000 2500 3000 3500 4000
Total E,, in ZDC+ [GeV
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Plans: charge exchange

Selection of a charge-exchange-enhanced event
sample using the ZDC

Measurement of global event features:

Charged pions (charged particles), n and p;
distributions

Effectively, these are pion-proton collisions, very
common in cosmic ray air showers

Muons in the showers: from charged pion decays
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Top cited papers from CMS

Top cited CMS physics papers (excluding technical and
tuning papers):

1) Higgs discovery

2) Higgs mass (with ATLAS)

3) Higgs decay rates and couplings (with ATLAS)
4) Higgs at 7 and 8 TeV

5) Two-particle correlations in p+p (ridge)

6) Higgs mass and couplings

7) Higgs searches

8) Jet quenching in Pb+Pb

9) Two-particle correlations in p+Pb (ridge)

10) Higgs properties in the 4-lepton final state
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Summary

* Global event features are important basic
quantities

 Often have deep physical relevance
* These measurements attract a lot of interest
* They have applications in various other fields

 Future is still interesting for global event
properties! s

THANK YOU FOR YOUR ATTENTION!
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