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ISR @ CERN The first hadron collider

« Started operationsin 1971
* 300 m diameter
« pp collisions, 62 GeV max.

« Opened new energy regime,
x5 times more energy than
before
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We present the first resuits of a measurement of the total cross-section o1 in proton-proton collisions at equiva-
lent laboratory momenta between 291 and 1480 GeV/c at the CERN Intersecting Storage Rings (ISR). The method
is based on the measurement of the ratio of the total interaction rate and the machine luminosity. The data show an
increase of about 10% in o in this energy interval.




Discovery! the cross-section rises with energy
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The possibility of rapidly rising total cross-sections at
very high energies has been considered theoretically
by Heisenberg [10], and by Cheng and Wu [11]. The
presence of an energy dependence in o indicates that
if an asymptotic limit exists, it has not been reached
at ISR energies, and points up the interest in extend-
ing all total cross-section measurements to higher en- 5
ergies.




Over 40 years later and still...

Data consistent with:

o3'(s) [mb]
i . 1953: Heisenberg's In”(s)

T dependence (also with
power-law)

luZL

« 1961: Froissart bound. i.e
cross-section cannot grow
Faster than In”(s)
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Cosmic ray data
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LHC is the first
collider to reach up
to cosmic ray
measurements of
cross-sections



Cosmic ray energy spectrum
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Fig from [4]

Primary cosmic ray

Particle cascade

Use the atmosphere as a
calorimeter!

This method does not allow
a direct identification of the
primary cosmic ray



Shower depth, the main tool for cosmic ray ID

Inelastic cross-section
determines the mean-free-path
in the atmosphere

13 TeV datais rightin the
middle of interesting region
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LHC energy range overlaps with cosmic ray data

Data can be used to
constrain model that
translates p-p to p-air
cross-sections

This model is the
backbone of air-shower
simulations. It is also used
in heavy ion physics

Cross section (proton-air) [mb]
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Minimum-bias trigger scintillators

« Highly efficient plastic
scintillators (24 modules).
Completely rebuilt For Run-ll

« We trigger on events with at
least 1 hit

« Acceptance covers from
14.4 to 2.4 degrees.
15 cm from beam-pipe.
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Run: 263962
Event: 20805
2015-05-05 09:39:47




Special low-luminosity run, July 2015
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We need negligible “pileup”
for this measurement

1 == 0.002

About 5M “minimum-bias”
events
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Breakdown of the inelastic cross-section

—
X
p : ~ 70%

Non-diffractive

i ﬁ ,}X P }X
P P ~}y ~300/0

Double-diffractive

Single-diffractive
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Acceptance for low-mass diffractive events

« MBTS has very large
acceptance for non-
diffractive events

« But, no acceptance for low-
mass diffractive events

« Motivates a fiducial region A(Mx) > 50% for Mx > 13 GeV or

definition $=M3;/s>107° .



¢ distribution
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Fiducial cross-section

(N — Npg) y 1 —fe 10

- —6
(&> 107°) =
Etrig X L €sel
1—fz_n—6
Fiducial region definition chosen to make CMC — fio ~ 1

fqo] = offline selection effciency for events with & > 109

JE" 106 = Migration from outside fiducial region 44



MBTS efficiency with tracks

Number of counters above threshold and tagged with a track

Total number of counters tagged by a track

Track-Based MBTS Efficiency
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Trigger efficiency

= =
e i
St taf™
2 [ 2
- Measured in data with © OFF ATLAS Preliminary
@ - HH
events selected by other, =
independent triggers = I
E B ® LHCF
0.4 KA -~
% : [ L LUCID
':IE:—
- Overall 99.7% efficiency :
L S S s
N, c>0.15 pC
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Main sources are: 104 -

. . 10°
 Beam-gas interactions
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- "“Afterglow”, i.e photons &
neutrons from nuclear de B
excitation

Bunch Crossing Number

L T
— Data

Run 267358 — Moise/Afterglow
10° — Beam-gas
— Data subtracted

Weighted Events
3,

We estimate them using dedicated
triggers, and timing studies:

0.5% beam-gas and 0.7% afterglow

21

N,,,.>0.15 pC



Instantaneous luminosity in a collider

Ebunch = f X nym xf 1\ X, 2\X; dxd
p1(x, y)p2(x, y)dxdy
Bunch current ™ ~ d
product Beam overlap
Integral

f =revolution frequency (27 km / c)
: L = Eb h [em 251
n1. N> =number of protons in bunches unch [em™“s77]
P1. P2 =normalized charge density bunches
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b (x 107)

=

{data-fitp'error

pp, 5 =13 TeV

The van der Meer method

Rate(A) = Cfpl(x)pg{x—ﬂ}dx

fRate(&)d& = Cfm(x)/pg(x—&)d&d;
s oo — 2o
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Luminosity and visible inelastic rate

. 6 . .
r— Hinel _ Hinel _ Fhyis

Oinel €01inel O+vis
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Luminometers

ATLAS uses several luminosity detectors:

« LUCID (Cherenkov detector)
17 m away from interaction point

« BCM (Diamond detector)
1.8 m away from interaction

* Inner detector (pixels, tracks, vertices)
« Calorimeters (current drawn)

Deduce visible inelastic rate from events failing OR
selection, assuming Poisson statistics:

P(O) _ e_ﬂvis

Support
Structures

Fig from [6]
25



Absolute calibration with vdM method

r— Hinel _ Elinel _ HMvis
Oinel  €0inel Ovis

In dedicated runs: measure simultaneously L from machine parameters
(vdM method) and visible rate, /U/vis for a given detector, to get the constant O v/ig

In normal runs: measure Hovis and divide by Ovis to get L
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[microns]

Beam-drift during vdM scans

Beam separation during Scan 4

1500 3
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N - =
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0_..
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A= 1 e
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-1500 ' ' - ' ' '
0 20 40 60 80 100 120 :
Lumiblock number Lumiblock number
Corrections due to drift up to 2.4%
27

New instrumentation allows us to push down uncertainty to permil level



Scan-to-scan reproducibility

« We did have 3 different e
scans. The calibration i
constant should be the
same in all of them

3a.2} ®

Average visible cross-section (mb)

« Beam-drift reduces tension saal
. . @ without correction
among scans, bringing ® _with correction

down reproducibility
uncertainty to ~0.6%
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Mominal Separation in X-scan [mm]

calculated analytically

« |t has the effect to distort the scan-

Horizontal drift during Scan 1

curves leading to ~2% changes in | —+— DOROS - Nom. sep. .

—e— arc-BPM

calibration

* For the First time we have spotted
beam-beam effects in beam-drift data.
And it is consistent with expectations
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Non-factorization bias

Traditional vdM analysis assumes p( = px(x )py(y)
— L B L L B L L B L B — LN L L BN L ) B
B3 E | vdMscanI -
= C pp, (5=13Tev = luCidEVEOR BCID #267.
X 10 |ucidEVEOR BCID #2674 3 x o
& g 2*
107 — 10
10° —- 107
10° — 104_ S
I S I n xSRI ]
06 04 02 0 0.2 04 0.6 06 04 02 . .
Separation in X plane [mm] Separation in Y plane [mm]
: 7 : 7

But it can be generalized, with simultaneous Fit with “non-factorizable” function

—x2 —_V2

~1% uncertainty f(x.y) = e*ie™ [1+ pol(x)+ pol(y)]
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Luminosity uncertainty timeline

- EPS 2015 : 9.0 %
- End of year 2015: 5.0 %
- Today : 1.9 %

Improvement largely due and beam-beam corrections,

and understanding of non-factorization bias.
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Constraining the fraction of diffractive events
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DE!lta 2015, H’§|=13TeV '
Pythia8 SS

Pythia8 DL, £=0.085

Pythia8 DL, £=0.060

Pythia8 DL, £=0.10

Pythia8 MBR

Pythia8 DL, £=0.085, &’'=0.35

EPOS LHC o
,0
- QGSJET-II .

H,'JII\|IIIII\I|II\IIII!II\|IIIII

D_h'hIIII\|IIIII\I|II\"-IIIIII\|I;'-T‘*III

Ratio of single-sided to
inclusive events depends
depends on

fD — O0spT0DpD

o T inel

For each MC model, we
tune fp to match the data

32



Inclusive hit distribution
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|
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- | e .
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(- e every MBTS counter

ATLAS Preliminary
IS=13TEU,J.L-I:H=EEJ_|D'1
: NP PP P

Ll ll].l.]].|

- No MC modelis perfect
but some do better
than others
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Single-sided hit distribution
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Most of events contain
high multiplicity

Pythia DL models do a
pretty good job.

l.e, diffractive events
within acceptance are
reasonable well

modelled. 34



Fiducial cross-section

~ N—N 1 — 1z 150
o(€>107°) = ( E) % c<10
Etrig X L €sel
Factor Value | Rel. unc.
Number of selected events (V) 4159074 —
Number of background events (Npg) 43512 +100 %
Luminosity [ub™1] (L) 62.9 +9%
Trigger efficiency (€gyig) 99.7% +0.1 %
MC Correction factor ((1 — f¢_1g-6)/€se1) 0.993 +0.5%

o(€ >107%) = 65.2+£0.8 (exp.) +5.9 (lum.) mb
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Fiducial cross-section

o(€ >107%) = 65.2-

- 0.8 (exp.) 4

- 5.9 (lum.) mb

ATLAS Preliminary

Data |

\s =13 TeV, 63 ub™

Pythia8 DL r=0.06
Pythia8 DL £=0.085
Pythia8 DL £=0.10
Pythia8 A2

EPOS LHC

QGSJET-Il

55 60

G, (E>10%) [Mb]
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Total inelastic cross-section

To report total cross-section we need to correct for limited acceptance
- 2 - - —6 2 - —6
o(§>my/s) = o({>1077)+o(m,/s <{<1077)

\ 4 \ 4
Measured @

O
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Total cross-section
o€ > m?/s) =73.1£0.9 (exp.) £6.6 (lum.) =+ 3.8 (extr.) mb

T [ T T T T '| T T T T r T T T L '| T T T T [ T T

ATLAS Preliminary \s=13 TeV, 63 ub"

Data l —— '

Kopeliovich et. al [32] 9
Menon et. al [33] ®
Khoze et. al [34] ®
Gotsman et. al [35] ®

Fagundes et. al [36] ®

60 65 70 75 80

G el [mb]
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Total cross-section

o€ > m?/s) =73.1£0.9 (exp.) £6.6 (lum.) =+ 3.8 (extr.) mb

Gine [MDO]

—
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O O O O O o o o o

— L T]
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- A ATLAS ALFA 0
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= Q =
= ﬁo . ATLAS 3
C co oo .. -
= H‘*oﬁﬂtg Preliminary -
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3

1 10 10° 10 10*

\'s [GeV]
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Constraining extrapolation with 7 TeV data

e ALFA result used elastic scattering and optical theorem to infer total inelastic cross-section

e MBTS result measured fiducial inelastic cross-section for & > 5 x 107°

oc7(€ <5x107°) o7(& > m [s) — o7(€ > 5% 107°)

= O ALFA — OMBTS
(71.34 + 0.91) mb — (60.33 + 2.10) mb

11.01 +£2.29 mb
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Extrapolation to total cross-section

oci3(€>myfs) = 36 >107°) +07(E <5x107°) x

oV (€ <107%)

1€ (€ < 5% 107°)

Measured 1.015 + 0.100

76.3 mb = 65.2mb+11.1 mb Pythia8 DL € = 0.085

Result consistent with MC-based extrapolation, work in progress Pythia8 DL € = 0.10

41 QGSJET

(TIN%C‘[_ENé]O_ﬁ)
Source SN Z5x10°5)
Pythia8 SS 0.782
1.015
Pythia8 DL € = 0.06 1.04
0.999
EPOS 1.051
1.093




Conclusions

First measurement of inelastic cross-section at 13 TeV
Preliminary result uncertainty dominated by luminosity (9%)

Well controlled luminosity calibration and extrapolation uncertainties will add up to
3--4% (my educated guess, work in progress)
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Back up slides
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Acceptance
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ATLAS Simulation Preliminary
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> 0.15pC
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Normalized
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