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Ulkra High Energy Cosmic Rays

:  ) SEuciij the properties of primary High Energy
Cosmic Rays based on observation of EAS
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What are cosmic
rays all about?

Fluorescence detectors

I can see (UV light from excited N,)

MC Simulabkion ko de.s«cmbe. hadrownic ‘/

tnkeraction wikh aEmosphem
Detector

E’v\ergv, WSS ﬁOMF‘OSL&LC}V\, Airection Suface detectors (chargdphoton)
~» source of primary cosmic rays
—> origin of the universe (final goal)
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Observation of
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Haverah Park - ground array
Akeno - ground array
AGASA - ground array

Fly's Eye - air fluorescence
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HECR Physics ab LHC: LHCS ‘ijsws

Model-originated uncertainties or even discrep
d bne oo
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COSMIC RAYS @ proton LHC —use LHC

E up to E =6.5x102eV_  E =6.5x1012e
Nitrogen 1019 +1020 eV ?—} ( G— &8 Te\/"'éﬁ TQ\;:ELQb:-C)*lOl‘) Q\l
proton Log: PrOYON B35 TeV+3.5 TeV=Elp=R.6+10% eV
Observer sitting comfortably in LHC 480 GreV+480 CreV=Ep=*101% eV |

to calibrake MCs

Observer standing proton

outside and looking to cosmic rays... Observer riding a proton (LAB frame)!!
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(Salek et al., 2014)

We are profiting of the broad coverage
but more than §0% of the shower from n>% Depth [g/cm?]
Dedicated fwd experiments crucial!
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The LHCH Debector

ATLAS

INTERACTION REGION
D1 dipole
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Arm#1 Detector _ Arm#2 Detector
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A brief LHCS Pho&gmkisfzorv

Jan 2008
Jul 2006 Ry gl - Installation
SR S S T Sept
—— 1st LHCfbeam

May 2004 LOI
constructlon

Feb 2006 TDR

une 2006 LHCC 75 A i
Lpproved A Aug 2007

SPS beam test

Dec- Jul 2010
0.9TeV& ITeV pp
Detector removal

Dec 2012- Feb 2013 . '
5TeV/n pPb, 2.16TeVpp May-]une 2015
(Axrm2 only) 13 TeV dedicated pp

Detector removal Detector removal




LHCf ¥s=5 !
-9.2> Yo )

LHCf Vs=5.02TeV n°
-9.0> Vo> -9.2

LHCf ¥s=5.02TeV n°
-8.9> Vip > -9.0

| Ed’o/dp® [GeV?] §

3
o Edoldp’ [GeV?] §

@ ‘ijsiacs Motivations
o The Link bebtween HECR
Physics and LHC L WO B IO
@ The LH C"f dﬁ.&@.ﬂEOTS .Lgﬂf;ff;zﬁz;jw f[w
o “Il vino buono ska nella |
botte piccola” or “good |
things comes i small o g
chwages” @

1/0,,,
/o,

o
%

LHCF Vs=5, ;
-10.0> Vi

o Ed’oldp® [GeV?)

/o,

[®]JLHCIVs=7Tev = DPMJET 3.04
—— EPOS 1.99 PYTHIA 8.145
—— QGSJET II-03 = SYBILL 2.1

D
>

S
@
3
r E
X
N
-]
T

do,/dE [mb/GeV]

o Fubture Plans
% MhQE’S Mﬁx&. o ’ 500 1000 1500 2000 zsgge%c;??Ge%?oo

12




LHCS Daka Taking and
Amo&jsi;s makbrix

Phobown Neutbron w
(EM shower) (hadrown (EM shower)

Proton &

Test beam ak NIM. A &71, JINST ©
SPS e, 129-136 (2012) (2014-)YP03016
p-p ok 4.3x10 Phys. Lett. B 715,
900 Cre\ R9¥-303 (R012)

Phys. Lett. B8 703,

p-p ot 7TeV 2.6x18 12%-134 (2011)

p-p abt 2.76TeV 4.1%x10

p—?b ok 5.02TeV 1.3x10

p-p ok 13TeV 9,0x10

p'?b abt .1 TeV 3.6x10
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LHCE @ pp 7TeV:
Stihgle pko&ov\ spe&ra MC vs Data

Adriani et al., PLB, 703 (2011) 128-134
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LHCY @ pp 7 TeV: neutron analysis

o Inelasticity measurement k=1-picading/Pheam

o Muon excess at Pierre Auger Observatory
- cosmic rays experimen& measure PCR
energy from muon number ot ground
and florescence Light
- 20-100% wore muons than expac&ed have
been observed

Inclined showers (muon dominated)

——Njo = A(E/10V%eV)B
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===p
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: Mt,dﬂla ~1.2

k! MJ_J\‘IC EPOS,Fe

Alessia Tricomi

o Number of muons
depends on the energy
fraction of produced
hadron

o Muown excess i data
even for Fe primary MC

o EPOS predia&s more
muon due to larger
barjam produa&écn

Zero degree neutrdl measurements with LHC ot LHC
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LHCf @ pp 7 TeV: neutron spectra
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LHCE Arml and Arm2 agree with each other within systematic error, in
which the energy scale uncertainty dominates.

In 121076 huge amount of neutron exists. Only QGSIET2 reproduces the
LHCS resulk.

In other rapidity regions, the LHCf results are enclosed by the variation
of models.

Alessia Tricomi Zero deqree neutral measurements with LHC at LHC 16




I and Tvpe i1 ﬂ‘”"av\atvsis

—
B
S

Type-I Type-II

€. 90

T

-
N
(=)

Events/(1) |

LHCf-Arm1 (s=7TeV
9.0<y<9.2 ‘

-
o
(=)

Type-I ; !

(o]
o

D
o

S
o

1 Rk S N
100 110 120 130 140 150 160 170 180

] Reconstruqt_ed M” [Me\/]v

(a) LHCf W =7TeV ,
Type-Il n° at Small Tower |
+ 1

Type-II

°
=>
D
S
-
(a 1

1000 2000 3000 4000 1000 2000 3000 4000

nO(GeV) EnO(GeV)

012 014 0.16
M, [GeV]

Alessia Tricomi Zero degree neutral measurements with LHC ot LHC 17



LHCS @ pp 2.76 TeV: @ 2 SF’@C‘ET‘Q

(b)9.0<y<9.2 (c)9.2<y<94 (d)9.4<y<9.6

E LHCf 15=2.76TeV |~ i~

:E.I.L.dfz.z.lsfnlbj...|..Ej._ Elll_ | ..I....I..:E....I..L—....I....I..

®  LHCf (stat.+syst) QCFSIETII-04: bQSE ere_e_meV\E
— DPMET306  _ =o06-LHC: harder Fhan daka
T T QGSETIHA eumii 1. spall yield, harder
spectrum
DPMIET Pythia

- -~ SIBYLL 2.1

~ - PYTHIA8.185

—-— EPOSLHC

01 02 03 04
p_ [GeV]
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LHCf \vs=7TeV
f Ldt=2.64+2.85nb"

(e)9.6<y<9.8

() 106 <y <10.8
- QGSIETII-04: best
L LHCT (stat.+syst.)
agreement
EPOS-LHC: harder thawn
o aIBYLL 21 data for Large pr
— - — PYTHIA8.185 - o /7BILL: goad

— -~ EPOS LHC agreement o%r\bj for

— DPMJET 3.06
— — - QGSJET lI-04

snaall Y
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T averaqge pr for different cm energies

pr spectra vs best-fit function

(@) p+p at Vs=7TeV
92<y<94

e S

—®— L|LHCf data
Gaussian

- - - - Thermodynamics

<pr> is inferred in 3 ways:

1 Thermodjnamicat approach

2. Graussian distribution fit

3. Numerical integration up to the
histogram upper bound

Average pr Vs Yiab

—e— LHCf (\s=7TeV)
—o— LHCf (\s=2.76TeV)
—+— LHCf (| s=5.02TeV)
—=— UA7 (1s=630GeV)

Ygo0ra=6.5 for SPS
Yp.ra=8.92 for7 TeV LHC

DPMJET 3.0.6 (p+p)
DPMJET 3.0.6 (p+Pb)

——— QGSJET I1-04 (p+p)
QGSJET 11-04 (p+Pb)

-2 -15 -1 -05 0 05 1
y -y

beam

From scaling considerations (projectile
fragmentation region) we can expect that
<pr> vs rapidity loss should be independent
from the cam. energy

Reasonable scaling can be inferred from
the data
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Limiting fragmentation in
forward 7° production

DPM‘JET 3.0.6 (\E=7Tev)
— QGSUJET II-04 (Vs=7TeV)

'mpi,di&vj distribution of the ' o Yie% -
seﬁov\darj Par&ittes i Ehe i oD
3 > ubmitted 1o

forward rapidity region
(target’s fragment) should be
independent of the center-
of-mass energy,

-

—e— LHCf (Vs=7TeV)
—6— LHCf (/s=2.76TeV)

e
o —5— UA7 ({s=630GeV)
/

This hypothesis for m° is true
ot the level of 215%
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™y . . . o
Feynman scaling in forward
production

cross sections of 0.0<p_[GeV]<0.4
n0 yield

se&ov\c&o\r:} particles as a Submitted to PRD
function of xr = 2p./Vs are |
independent from the
tacidenk energy in the
forward region (xe >0.2).

This hypothesis for m° is
true ot the level of *20%
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LHCf @ pPb 5.02 TeV:

Nuclear mociufwa&om factor

[ (a)-8.8>y,,,>-9.0

‘gl LHCf /54y =5.02TeV
fLdt=0.63nb™*

[ (b) 90>y,ab> -9.2 11 (o) 92>y,ab> -9.4 1L (d) 94>y|ab>96

e LHCS show strong
su,prressmvx A F:"Pb wrt pp

ST N %I o [isioms

[ (e)-9.6>y,,>-9.8

L(f) -9.8>yl;b>-10.0 ‘_ L (g)-10.0>;/lab>-10.2 ‘_ L (h) -10.2>;/|ab>-10.4 ‘_ n &"C}Od_ QST‘QQMQM& MLE[A‘ Eha

models

M*-ﬁ g ji*;ﬂ Sw=200 GeV
I . " L 23 - n "

0.5 1.00.0 0.5

[ (i) -10.4>y,,>-10.6

[ (j) -10.6>y,,,>-10.8 ] pr [GeV]

—— DPMJET 3.06
1 EPOS LHC
1 ---- QGSJET 1I-04 |
‘+‘ LHCf (stat.+syst.) 0: - - shodowmg(Kretzer)

* multiple scattering

Alessia Tricomi

ation | 11=4.0

ainty = 17% 0
; 1 pr (GeV/c) 2

P S ST S BN W'

Pr (Ge‘{//c)

RHIC 200GeV d-Au, STAR Collaboration
Adams et al., PRL 97 (2006) 152302.
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Common trigger with ATLAS

@)

ATLAS LHCf NOTE

August 26, 2015

Classification of Events in the Combined ATLAS-LHCf Data Recorded
During the p+Pb Collisions at /s = 5.02 TeV

The ATLAS and the LHCf Collaborations

S LHCf Experiment
e 20130201 043547 UG

Arm2

CATLAS
L3 EXPERIMENT

589, Event Number: 115574439

Tower Large (TL)

Date: 2013-02-01 04:15:47 UTC

Tower Small (TS)
© Photon like
248 GeV
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LHC spectra in p-Pb collisions
with Atlas tagqurng on bracks

ATLAS-LHCf Preliminary
p+Pb, \s,, = 5.02 TeV
LHCf-TS, Photon like

—4— w/o selection

ATLAS-LHCf Preliminary
p+Pb, \s,, = 5.02 TeV
LHCf-TL, Photon like

—4— w/o selection
+ r-]sel =0

number of qood charged
ATLAS btracks

- pr > 100 MeV

— vertex matching

- |n] < 2.8.

Events / 200 GeV
Events / 200 GeV

1000 2000 3000 1000 2000 3000
Energy [GeV] Energy [GeV]

Significant UPC contribution
in the very forward region
ME«EL‘\ ngi,:o

p+Pb, s, = 5.02 TeV

LHC{-TS, Hadron like
—$— w/o selection
+ nsel =0

p+Pb, \s,, = 5.02 TeV.

LHCf-TL, Hadron like
—$— w/0 selection
+ r]s;el =0
Ny >0

>
)
O]
o
Q
rs)
~
n
2
c
)
>
I}

Events / 500 GeV

£
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++

*
it

10000 10000
Energy [GeV] Energy [GeV]
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Impact of conmmon ATLAS-LHCE trigqer

PYTHIA MC study @ 14 TeV. Diffractive event selection efficiency and
purity:dropping events with (PT > 100 MeV/c & Nch>1 in Inl<2.5) @ATLAS

— Total
— Total

1200 — non diffractive

AI I eve ntS —— non diffractive

—— diffractive
1000

in MC true, Y
Non-diffractive =
Diffractive 00

200

— diffractive

0 ===
0 1000 2000 3000 4000 :

3%
w/ event T ATLAS ND

— Non diffractive

selection 120 — Diffractive
(notND)  *

80

For diff. events,
35-40% efficiency
99 % purity

o 1000 2000 3000 4000 5000 6000 7000 8000
P E[GeV]

Use neutron tag in
LHCf to measure
Ti+p in ATLAS
p From R. Engel / T. Pierog

20

| v L b | e
100 2000 3000 4000 5000 000 7000 8000 S Y v
. 1000 2000 3000 4000 5000 6000 7000 8000
ey: Low mass di ra\chov\ Ostapchenleo H@V] E{GeV]

T replace y by p
Arm2
X &
ATLAS

p —&——n Amfi p —t\ /rt— p
n n

Physics discussed in detail for HERA (HI and ZEUS) measurements
(see, for example, Khoze et al. Eur. Phys. . C48 (2006), 797 and Refs. therein)
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LHC 13 TeV Run

8 During Week 24, June 9-13, LHCE dedicated Low-lumi run
@ Tokal 26.6 hrs with L=0.871.6.10% em 257! (16 nb1)

® V39 M showers, 0.8 M n° obtained

@ Trigger exchange with ATLAS

@ Detector removal on June 18% during TS1

@ Run was very successful!!!!

L p-p at Vs =7 TeV p-p at Vs = 13 TeV
LHCf  — mi shower T 93 '
DPMJET3 Model

p-p Vs=13TeV — . Arm2 Typel n° Candidates(x 20)
— . Arm1 Typel n° Candidates(x 20)

P, (GeVic)

Number of Triggers [M]

a

10/06-09:00 11/06-09:00 12/06-09:00 13/06-09:00
TIME(CEST)

Significant improvement in

phase—space accepbance
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LHCf Arm2 Detector
n° Candidate Event
LHC p-p, s = 13 TeV Collisions

LI I LI I UL I T

RUN: 44484
NUMBER:3010

TIME: 1434152507
FILL: 3855

Eosnm: 1014 GeVv
Esomm: 1021 Gev
M, : 147 MeVv

32mm Calorimeter

L1 1 l L1 1 l L1 1 l 1

(@)
OEIIIIIIIIIIIII

8 10 12

Sjlicop X l

,_
Q
<
o

L I L I LI

o
8

L1 1 l L1 1 l L1 1 l 1

T T

—Layer 2 ]
—Layer 3 A
—Layer4 7

llllllllllll
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Preliminary v energy spectra at 13 TeV
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o ‘ijsias Mokivakions
o The Link bebtween HECR

Physics and LHC
o The LHCS detectors
o “Il vino buowno sta nella
botte Fi{:{:c}m” or “good

f very forward
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p-Pb ot ¥.1 TeV

0»\3 ARMR Debtector

Motivakions: LHCf

Letter of Intent for a p-Pb run in 2016

% Stakistics:

- Measure 70 wikth ncreased statistics wrk 2013 Study of forward physics in

/Sxx = 8.1 TeV proton-Lead ion

run o
k| collisions with the LHCf detector at

- Possibility to detect the n meson 1 the LHC PRt
W

— Combined ATLAS-LHCE data take (ve.rtj - &&O v

o

Limited i 2013) Sﬂ'\}

x Phase space

- exbtend up to p»l GreV/c
: g Invariant mass distrib. of y pairs (p-remnant side)
> deviations from models sugqested from

2013 data at high p.

[ DPMUET 3.0-6 - 5 = 8.1 TeV
[l DPMUET 3.0-6 - 5,y = 5.0 TeV

Number of events
-
<,

> investigate pQCD phase-space region

3

7%, p-remnant side
* Scaling proper&ies
- Extrapolation at extreme CR energies

ch; r‘-‘—‘e-jmmah scaling: sped:'m X
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F*?b abk ¥.1 TeV: rspective for
ATLAS-LHCS c:amime amatjscs

Photon energy distrib. in small tower (p-remnant side)

EPOSLHC - ys,, = 8.1 TeV

y-rays, small tower

p-remnant side

—— All single photon events
-= Events with no tracks at n<2.5
—— Events with N>5 good tracks at n<2.5
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Energy (GeV)

Information from the ATLAS central region is essential to separate the contributions
due to diffractive and non-diffractive collisions.
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From LHCS ko RHIC

p-p at /s=510 Crey with ARML i 2017
Extend Vs coverage for the test of
F:ejv\mah scaling
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Letter of intent; Precise measurements of very forward
particle production at RHIC
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The Far Fubure at LHC

¢The most promising future ot LHC for LHCS involve the proton-
Light ton collisions

¢ To g0 from p-p to p-Air is not so simple....

e Comparison of P-p; Pb-Pb and p*‘?b is useful, but model
depemdem& extrapolations are anyway necessary

oDirect measurements of p-0 or p-N could significantly reduce
some systematic effects

p + p —> chrg Inelastic O + p — chrg Inelastic

(1/N) dN / dn
(1/N) dN / dn

— EPOSLHC
---  QGSIJETII-04

S = N WA N9

10 1 10
pseudorapidity m pseudorapidity m




St Mary

o Very forward y, n and o production in p-p and P-—‘Pb collision have been precisely
measured by LHCE ot £, € 7 TeV

o LHCf zero degree results are significantly contributing to improve our knowledge
of hadronic interaction model for HECR Physics

o New resulks with hadrons are particularly interesting to understand the muon excess
o p-Pb resulls give important hints to understand nuclear medium effect
o Very successful 13 TeV pp run has been done in June 2015
o Analysis is on going
o An intensive 2016-2017 program is waiting for us
o %1 TeV and § TeV p-Pb collisions ot LHC in November 2016
o §10 GeV p-p with polarized beam at RHIC in February 2017

o Still a Lot of resulks will come in the next years... while waiting for p-Light Ion run ot
LHC

o So... s&wj Funed!




