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* Above ~10* eV CR energy & ID determined via hadronic MCs

muonic component, hadronic electromagnetic

— p-N collisions: QCD interactions at E_,_ up to Vs, ~300TeV

 Many questions: origin of the structures in the energy
spectrum? What is the sources & composition of UHECRs?
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Depth X (g/cm?) Engel

Mean X, .. can be used to determine CR composition

In 2006 the main hadronic models utilized to understand X, .
were: QJSIETO1 — protons and SYBYLL2.1 — mixed

The interpretation at the time was that that UHECRs (extra
galactic) were protons
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LHC Run-1/2 has provided a significant lever-arm to constrain & tune
hadronic Monte Carlos for UHECR.
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er —Run

LHC experiments are back in business at Data Samples

a new record energy 13 TeV Exceptional LHC performance in 2016

3d June 2015 following 13 TeV commissioning in 2015
(2015: 4.2 fb™' delivered, 3.9 fb' collected)
Results reported with 3-15 fb"

L ! ! | ! ! ! [ ! ! ! I ! !
__ ATLAS Online Luminosity /s=13Tev _|

" [_]LHC Delivered
- [_] ATLAS Recorded

- Total Delivered: 19.8 fo”
Total Recorded: 18.1 fb
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N data up to mid July
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Despite “Sparky” the Field Martm still on track for 100 fb*In Run 2
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* Cosmic ray p-N collisions in the atmosphere above “knee” at
~108 GeV/particle can be probed in p-p collisions at the LHC




CATLAS

17 EXPERIMENT

L ~46 m, & ~22 m, 7000 tons Inner Tracker (Inl<2.5, B=2T):
~102 electronic channels Si Pixels, Si strips, Transition
Muon Detectors Tile Calorimeter Liquid Argon Calorimeter Radiation detector (StfaWS).
Precise tracking and vertexing,

e/m separation.
Momentum resolution:

o/p; ~ 0.04% p; (GeV) @ 1.5%

EM calorimeter: Pb-LAr Accordion. In| <3.2

efy trigger, identification and measurement
Energy resolution: 6/E ~ 10%/NE @ 0.7%

2

Trlgger and measurement of jets and missing E
Energy resolution: 6/E ~ 50%/VE ® 3%

Toroid Mc‘Jgnets Solenoid Magnet |SCT Tracker Pixel Detector TRT Tracker 3-level trigger
reducing the rate

Muon Spectrometer (Inl<2.7) : air-core toroids with gas-based muon chambers. from 40 MHz to
Muon trigger and measurement with momentum resolution < 10% up to E, ~ 1 TeV ~200 Hz




cceptance

M = -In(tan6/2)

dE,_/dn (TeV)

A(RP) AFP(220m)

-
o
N

0 2 4 6 8 10 q

157.1 26.90 3.66 0.50 0.07 0.01
6 (mrad)

-10-8 6 -4 -2 0 2 4 6 810,n

* Forward events have less multiplicity but higher energy
 [arge coverage of phase space.
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 The new MBTS (updated for Run 2) was used in a min. bias
trigger to make new measurements of the inelastic cross-

section and diffraction.
* The old MBTS detector ran from 2009-2014.

* This scintillator detector was placed atz =+ 3.6m
* 2 x 8 fold segmentation near to beam pipe, 4-fold further out

* |t covers the range 2.1 < [n[| < 3.8 14



— The ALFA detector consists of Scintillating §

Fibre (SciFi) detectors deployed in RPs at
+240m from IP1 (237.7m & 241.5m)

— Special “high-beta” optics & low lumi

(10?7 cm-?s1) needed to reach the
Coulomb Nuclear Interference region
(-t~6x 10%GeV?)

* The purpose of ALFA:

Absolute lumi determination for ATLAS

Measurement of o,,, and p-p elastic
scattering parameters

Proton tags for single diffraction and
central diffraction




Central
____Exclusive

—_ Everything
Else
Elastic
Scattering

- Non-Diffractive

~ 55%

Gtotal = Oelastic +‘Gnon-diff+ o single-diff+ Odouble-diff'l' GEchusive +;'

INEL,'ASTIC
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Y on-diff Y single-diff
P1 l

=1 | =t
— —
—_—
——
—
/ %:
P2 P>

(a)
¢-xi—ksaai |An (RG) =-In & § =M?/s =1- (E,p/Ep)

* Non-diffractive (~70% of inelastic): parton-parton interactions
- described by perturbative QCD

* Diffractive ( ~ 30% of inelastic): colourless Pomeron exchange
- described by Regge-Gribov type models.

— M can be as big as 1 Tev at the LHC 2 jets & other hard probes
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"Determining the Inelastic Cross-section @13 TeV.

e The ATLAS analysis uses MBTS to tag inelastic collisions.
— Requires 22 MBTs hits

— Acceptance neither proton can
dissociate into a system of
M>13TeV 2&=M2/s > 10°

Factor Value | Rel. uncertainty
Number of events passing the inclusive selection (N) | 4159074 -
Number of background events (Ngg) 51187 +50%
Integrated luminosity [ub™'] (£) 60.1 +1.9%
Trigger efficiency (€gyig) 99.7% +0.3%
MC correction factor (Cyc) 99.3% +0.5%

Ngg: Small background from beam-gas, Acceptance & migration correction from MC

radiation & activation (51,187 events) \
fid 6\ N @
o > 1077) = X
inel (f ) Gmw
19




ATLAS (MBTS) — Pythia 8
ATLAS (ALFA) --- EPOS LHC
TOTEM QGSJET-II
ALICE

LHCb

Auger

pp (non-LHC)

PP

Run: 267358
Event: 7541276

Vs [GeV] 2015-06-10 00:48:14 CEST

 Fiducial cross-section
— 09 =68.1+0.6(exp.)+ 1.3 (lum.) mb.

inel —
* Extrapolation into region with é < 10° done using MC
— O, =79.3+0.6 (exp.) + 1.3 (lum.) + 2.5 (extrap.) mb.
* Resultis in good agreement with EPOS-LHC and QGSJET-II

20



ATLAS

Data

Kopeliovich et. al [40]
Menon et. al [41]
Khoze et. al [42]
Gotsman et. al [43]
Fagundes et. al [44]

Shabelski and Shuvaev [45]

Vs =13 TeV, 60.1ub™

Source

This measurement
PyTHIA8 SS / DL
PyTHIA8 MBR
Erpos LHC
QGSJIrT-IT
Kopeliovich et al. [42]
Menon et al. [43]
Khoze et al. [44]
Gotsman [45]
Fagundes [46]
Shabelski and Shuvaev [47]

Value

79.3 £ 0.6 (exp.) £ 1.3 (lum.) £2.5 (extr.) mb
78.4 mb

76.6 mb

79.0 mb

80.2 mb

79.8 mb

81.4 4+ 2.0 mb
81.6 mb

81.0 mb

77.2 mb

78.4 mb

The results are consistent with models based on Regge
phenomenology, eikonal models and other approaches to non-

perturbative QCD

21



Data 2015
It BN R RARSISRREN | SD selection = 2 hits on 1 side only

=== Pythia8 DL, £=0.060
Pythia8 DL, £=0.10

Pythia8 MBR

‘ ’.'.‘»‘ ."‘ P .!_!..' D ND
—5 EPos L gl N Asst Ags A= fp)
RN ss(fp) = Ninc — 1-—
' y o o mc Al ( f D

Diffractive fraction

f (OSD T ODD) / Olnel

R.. = Ratio of samples with one side of the MBTS firing to
the inclusive sample is used to tune fractions of events
considered diffractive in each MC model

* Measured value of R, =[10.4 +0.4] %
— f, in the Pythia8 samples is between 25% and 31%
— f, the EPOS/QGSJET samples give 37% /35%,

!

22



i £
—— Pythia8 SS HIS —e— Data —— Pythia8 SS

Pythia8 DL, £ = 0.06 Pythia8 DL, £ =0.085 | g Pythia8 DL, £ = 0.06 Pythia8 DL, & = 0.085
_ s

Pythia8 DL, £ =0.10 MBR ) Pythia8 DL, £ = 0.10 MBR

EPOS LHC e QGSJET-II ; EPOS LHC === QGSJET-II

ATLAS

13 TeV, 60.1pb” encige 13 TeV, 60.1ub’"
Single-sided selection Inclusive selection

10 12 14 16 18 20 22 24
Mvets

Single sided detection inclusive detection

 Sample with only one side of the MBTS registering activity
enriched in SD events

— Number of MBTS counters firing distinguishes between MC
models of diffraction

— Surprisingly QGSJET-Il and EPOS-LHC provide a relatively poor
description of the data - PHYTHIA DL € = 0.085 is best 23



ATLAS

* The quantities o,,, 0, and o,,,, can
all be determined from a
measurement of the differential
elastic cross-section

s=8TeV, 500 ub™

y(237 m) C-Side [mm]

— The Utot/ IS found USing the Opi‘iCa/ 25720 15 10 5 0 5101520 25 0

y(237 m) A-side [mm]

theorem:

—_
o
w

{s=8 TeV, 500ub™

do,/dt [mb/GeV?]

— The o, is obtained by integration:

o, =[do,/dt

— The o, is derived by subtraction The differential ~,
elastic cross section .

® 2012 data

— Elastic fit

Oinel = Otot™O¢/

E Shaen RN
005 01 015 02 025 03 0.35
-t [GeV?]




ATLAS
TOTEM

Lower energy pp
Lower energy pp
Cosmic rays
= COMPETE HPR1R2
12.7 - 1.75 In(s) + 0.14 In%(s)

Comparison of total & elastic cross-section measurements presented
here with other published measurements and model predictions as a
function of the centre-of-mass energy.

25



omparison with TOTEN

\s=8TeV

—s— TOTEM

ATLAS

TOTAL ELASTIC INELASTIC
I TR T B b b b b b b L NI BRI EFETETE EFETE AR B
98 100 102 104 22 283 24 25 26 27 28 29 30 70 78 80 82

Glot [mb] o-el [mb] O-inel [mb]

Comparison of the measurements presented here at V(s)=8 TeV
with the measurement published by the TOTEM Collaboration.
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* Trigger one or more MBTS modules above threshold on either

side were considered. Date taken at very low luminosity

AT LEAST TWO TRACKS EVENTS WITH ADDITIONAL
WITH PT > 100 MeV/c VERTICES WITH >4 TRACKS
FROM A PRIMARY VERTEX ARE REJECTED

ADDITIONAL
SELECTIONS

ARE MADE ON

MULTIPLICITY

AND TRACK PT

* Following the above selections, the event yield is:

— 9.2 x 10° for the most inclusive phase space at n., > 2 & p;> 100 MeV

— The phase space with the lowest number of events ( 6.4 x 10%)

corresponds to nsel 2 50 and p;> 500 MeV.

28




ng = 2, pT>100MeV, Inl<2.5 1% h22 p_>100MeV Inl <25
> 300 ps - -r>300ps
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Distribution of primary charged particles in events for which
n, 22, pT>100MeV and [n] <2.5 pseudorapidity (left), P;
(middle) and charged particle multiplicity (right)
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ng,z1, pT > 500 MeV, Inl <2.5
t> 300 ps

ATLAS Vs=13TeV
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R. Abbasi ICRC2015,

F|y’S Eye R. Abbasi et al., Phys. Rev. D, 92, 032007 (2015)
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 The latest Telescope Array (TA) data takes the measurement of the
p-p cross-section out to vs =95 +5 -8 TeV (AUGER’S is at 57 TeV)

* The Pierre Auger Array and Telescope Array p-p cross-sections are
extracted from the p-air cross-sections using the Glauber model

* Recent results from ATLAS and the TA support the EPOS-LHC
description of the data taking the extrapolation to higher x-sectigns




o H@Res-MIA ~ A © HiRes-MIA

o HiRes (2005) o HiRes (2005)
~ ¢ Yakutsk 2001 el ¢ Yakutsk 2001

* Fly's Eye f ~ % Fly's Eye

4 Yakutsk 1993 ey s Yakutsk 1993

e Auger (2013) 5 4 e Auger (2013)

—~— EPOS 1.99 " _
—#— SIBYLL 2.1 et —+~— EPOS LHC
~=~ QGSJETII-03 —#— SIBYLL 2.1

QGSJETO1 . - -=- QGSJETII-04

Energy (eV) Energy (eV)

EAS with old CR models: X, EAS with retuned CR models using
Run 1 LHC data: X,

 SIBYLL2.1 predictions confirmed by EPOS-LHC and QGSJETII-04
but QGSJETO1 and QGSJETII-03 disfavoured

* The interpretation of the composition of UHECR’s moves from
the picture that they are mostly protons to a mixed
composition -




Equivalent c.m. energy Vs,, (GeV) Equivalent c.m. energy\‘§pp [GeV]
? 10* 10° 2 10° 10 10°

f

RHIC (p-p) Tevatron (p-p) 7 TeV 14 TeV RHIC (p-p) Tevatron (p-p) LHC (p-p)

HERA (y-p) v HiRes-MIA HERA (y-p) ¥ HiRes-MIA
4 HiRes| A HiRes|
a HiRes I A HiRes I

Auger 2009 X ® Auger 2009
© Models validated

T
(m=s'sr?

P,
L
D, .. Of 3x10% eV “bmg,.
e KASCADE (QGSJET 01) seeetély} *#
m  KASCADE (SIBYLL2.1) *
*  KASCADE-Grande 2009
*  TibetASg (SIBYLL2.1)

% ATIC KASCADE (QGSJET 01)
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* Cosmic ray models essentially validated by the LHC
® Reasonable description of the main observables
® Data bracketed by CR Models

® Origin of the Knee?

® Most likely NOT due to exotic hadronic interactions

® A dependence on primary CR composition?

® Or a nearby supernova (Wolfendale)

34



Purpose: Measure forward protons with AFP horizontal Roman Pot
(RP) detectors to study soft & hard diffractive processes

TDR approved by ATLAS and LHCC —19 Jun 2015

— One arm of prototype AFP (AFPO+2 includes 3D Si Tracking) approved for
installation by LHC in Oct. 2015

— Installation of AFPO arm completed in Feb. 2016 (Tracking only no ToF)
— Next arm to be installed (AF2+2 this coming winter 2016-2017 (Tracking & ToF)



LHC Pagel Fill: 4892 E: 6499 GeV t(SB): 02:26:51 07-05-16 21:24:21

PROTON PHYSICS: STABLE BEAMS

6499 GeV I(B1): 7.09e+12 7.11e+12
Inst. Lumi [(ub.s)/\-ll IP1: 190.37 IP2: 0.22 IPS: 203.49 IP8: 8.39

BIS stayus and SMP flags Bl B2
Comments (07-May-2016 19:59:54) Linly Status of Beam Permits | true W true |
stable beams Global Beam Permit | true W true |
. Setup Beam
AFP pots In Beam Presence | true W true |
Moveable Devices Allowed In [ true | true |
[ true | true |

Stable Beams
AFS: 25ns_86b_74_47_49_12bpi_%inj PM Status B1 ENABLED VI ENTHN:¥S ENABLED

3D Pixels in (3 layers Near & 4 Far)
Trigger (each station) in reasonable working order
Readout chain to the ROS in place

AFP TDAQ integration going well — AFP running smoothly in ATLAS

partition — DCS integration ongoing.

Several AFP insertions already — Low mu physics run completed
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Data was taken the 300 bunches LHC intensity ramp up (10" May 2016) .




DELPHI

 Muon production in EAS data is still
not being consistently reproduced
even by post-LHC MC models.

* Anold problem? At LEP existing MC’s
could not explain the number of

40 60 ~.80 100 120 140 160

high multiplicity muon bundles {'a'k.‘.ag
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ALICE

CERN-PH-EP-2015-196
hitp:/farxiv.orglabs/1507

—+— Data

=== == Monte Carlo: Fe as primary cosmic ray
Monte Carlo: proton as primary cosmic ray

*\f“\

50 60 70
Number of muons

e The muon bundle multiplicity dist. is sensitive to composition

e The ALICE-ACORDE detector result on muon bundle indicates the
composition gets heavier as primary energy increases

e ATLAS would measure CR muons directly using 12,000 m? of
u-tracking + calorimetry ~70m underground with a CT
trigger provided underground or from a surface array

“Horizontal area” of ATLAS muon system is ~50 times larger than
the ALICE-ACORDE CR detector 39



Direct Inelastic Cross Section Measurement at Vs =13 TeV
— Agrees with all reasonable models at current level of precision

— Provides valuable anchor point on extrapolation to 60 TeV
(AUGER) and 95 TeV (TA)

— Leads to better understanding of X ____distribution and the

max

composition of UHE cosmic rays
ATLAS p-p hadron data agree quite well with existing
“standard” models

— Indicates that the knee in the cosmic ray energy spectrum that is is
covered by LHC data is probably not due to new hadronic physics

The AFP detector now being successfully installed (so far) gives
the promise of a new handle on diffractive physics

The possibility of cosmic ray muon physics (muon bundles)
using the ATLAS detector is now being studied. 40



