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https://indico.cern.ch/event/975877/

High Energy Cosmic-ray

Equivalent c.m. energy \s,, (GeV)

High Energy CR observation
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Alr shower and hadronic interaction

Cosmic-ray

Hadronic interaction
CR-NorO

They must be measured experimentally

LHC forward (LHCf) do them at LHC

eading p, n

Neutral pions

o170 — 2Y

* Induce
electromagnetic
showers

Leading baryons

* bring the energy
to next collisions

* |[nelasticity:
fraction of energy
used for particle
productions
K =1 - Eleading/Ecr




proton proton

— G

| ocation

* ATLAS interaction point
e +/- 140m from the IP
» Cover Zero degree of collisions

| HCf detectors pseudo rapidity n > 8.4

« Sampling and positioning calorimeters

* Two towers, 20x20, 40x40mm=2 (Arm1) , 25x25, 32x32mm2(Arm2)

» Tungsten layers, 16 GSO scintillators, 4 position sensitive layers
(Arm1: GSO bar hodoscopes, Arm2: Silicon strip detectors)

* Thickness: 44 r.l.and 1.7 A

\\\\\\
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LHCf Operations and Analyses

LHCTf-ATLAS
joint analysis

Run Eiab (eV) Neutron

p-p /s=0.9TeV talel| PLB715 298
(2009/2010) (2012)

p-p /s=2.76TeV " PRC 86, 065209
(2013) 4.1x10 (2014) PRD 94

032007
p-p V/s=7TeV S ulsl)| PLB703,128 PLB 750 PRD 86, 092001 | (2016)

(2010) (2011) 360 (2015) (2012)

P-P /s=13TeV O9.0x]1016 PLB 780, 233 JHEP 2018, 73 (2018) Hiant Photon in diffractive coll.
(2015) = (2018) JHEP 2020, 016 (2020) prefiminary ATLAS-CONF-2017-075

p-Pb vVsnn=5TeV 1 Ax1016 PRC 86, 065209
(2013,2016) ' (2014)

p-Pb /snn=8TeV
(2016)

3.6x1016 Preliminary

Spin Asymmetry
PRL 124 252501 (2021)

with STAR
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Photon (779 measurement at pp

» Source of EM components in CR-air showers
» y's originate from 1% and n decays Vs dlfferentlal CrOSS sectlon

» LHCf covers high energy photons Xr >~ 0.1 " LHCf 1s=13TeV photon
i n>10.94, Ap=180° -
: ) g nE fLdt=0.191nb™ _
Comparison with model predictions 10° -
EPOS-LHC shows the best agreement _f ;
QGSJETII-04 reproduces spectrum shape well g 107F E
SIBYLL reproduces energy flow well. s £n>10.94 :
% 10°F T E
z - =&~ Data b, e
Y. energy flow i L - - QGSJET Il-04 =i "-E
EM showers > | photons ] oA 141 10°EF =+~ EPOS-LHC o "
%350_— p-p \s=13TeV — ossETios | - —— DPMJET 3.06 -~
St — eposiHe |1 [ --- SIBYLL 2.3 -
T[O measurement G000+ %300__ —E\F;I:%ILLZ.S _E 107° = - PYTHIA 8.212 !_-'g
_ _ § | Typet <ﬁ—> Pre//m/nary: 250} ' — 4_—!!!|!”—_
simultaneous detection & " LHCf-Arm1 - ' - Lo :
2Y from TrO decays 6000__ . PP, \/S=13TeV__ 200: ] -9 3; _ I : —;
: ‘. : 150[ U = oF ! E
10001 ' - g 7 i
100 . 18 e o JQ.__-_oo-od"doootnla - —. -
Y 20001 . : . 50F 7 TR as e
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a0 — crergy [Gov
80 o0 s 20°W Mo CERN-THESIS-2017-049 "
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LHCT+ATLAS joint analysis

EXPERIMENT

Central (ATLAS) + Forward (LHCY) n>10.94

1I_'_' 10_5 = b T | T | T | T | T =
. . . . . > — - . -
Detailed studies of hadronic interaction CHE ?TLAS-LHCf Preliminary -
. : =, = s=13TeV, 0.191 nb ~
by using central and forward correlation. i 10 110,94 Ao<180" ~
» Studying the diﬁfract?ve CoIIisiqns by requiring — Inclusive
no charged particle in ATLAS inner tracker < -
(Nch=0; [n[<2.5, pt > 100 MeV) z 107 osos =
e Large rapidity gap An>5 [/ i s = oo -
— Pure diff. event with low-mass (log1og < 9) 1085 Nen = 0 . —
« Large model discrepancy in diff. events. - - .
~ —@— Data LHCI-Arm1, arXiv:1703.07678 Ii‘\'\‘\'\‘\%;////; i
o| —#— DataN,=0, ATLAS-CONF-2017-075 G
. 1077 E Syst. + Stat. Unc. LHCI-Arm 2 fﬁi
E Syst. + Stat. Unc. Nch=0 Z//// R
|~ EPOS-LHC =:=:= EPOS-LHC N =0 T :
10710 | ~—— QGSJET-Il-04  =-="= QGSJET-1l-04 N_ =0
21N Sa - SIBYLL2.3 ~:== SIBYLL2.3 N_ =0
i e Pl Proton Joint operation has been [ PYTHIASRIERL e PYTHIASETEDE R0
h o H SUCCGSSfU”y performed 10—11 IR B R B RN B N B i
',_' in 2013, 2015, 2016 operations 1000 2000 3000 4000 5000 6000

Proton
ATLAS-CONF-2017-075 Photon Energy [GeV]
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Inelasticity measurement at pp

CR |

Leading p, n

Best agreement model

Average Inelasiticity: QGSJET I1-4
Energy spectrum: EPOS, SIBYLL
Energy flow: EPOS

LHCf-ATLAS joint analysis is on-going
with LHCf-neutron samples.

4-10 Feb. 2021

5, [mb]

n, differential cross-section

2r
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» Inelasiticity (k = 1- Eeading/ Ecr), €nergy fraction used for particle productions,
Is one of the most important parameters for understanding CR-air shower development.

» LHCf measures high energy neutrons, which can be leading baryons.
» 40% energy resolution for neutrons. ~ 10% contamination of Ko, A

Average Inelasticity

LHCf

QGSJET [I-04

EPOS-LHC

DPMJET 3.06

SIBYLL2.3| eo

.. T | |

e |leading =

a neutron

leading =
any particle

048 05 052
JHEP 2020, 016 (2020)

054 056 058 06 062

<1-k>
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Measurement at pPb

» Measurement of nuclear effect (but too heavy for CR.)

- -N
PP p-N,O » Large background from UPC collisions at very forward
photon QCD (sig) ~ UPC (bkg)
neutron QCD (sig) << UPC (bkg)
Ideal condltlo >
for Cosmic-rays 0 differencial cross-section Nuclear modification factor
— . N:_I 100 (b) -9.0 > Yiab = -9.2  (b) _9'O>ya ~.0 2
Nuclear modification factor 3 B 1'0; 'b
O 1 e ocgerios wUke o g LHCf \/Syn =5.02TeV
R, = O EQS/dp ey ey T | | f=06
= , 2 \ |
" (Nea)Ohe EdP0™/dp? - N 5 001
2 107 e o |
: " r.'_ 0.4
eLarge suppression at forward M0 % 4 |
Models reproduce well within & ﬁﬂﬂ 0. 2 H T
’ 2 . -5[LHCF w/s =5.02TeV . + -
the error (>30%) = 10 - | - T *“ﬂ’f*‘ L.
. - . --_1 | O O . . . , !
0.0 05 1.0 0.0 0.5 1.0
p, [GeV] pr [GeV]
Results for other rapidity bin are in backup PRD 94 032007 (20186)
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Summary and Prospects

m | HCt measured forward y, m9 n at pp and pPb

0 Any model reproduces a part of LHCt data well
but no model reproduces all of LHCf data simultaneously.

0 Nuclear effect has been measured for 70 at pPb, and it is consistent with model
predictions within the error (> 30%). Neutron measurement iIs very difficult due
to huge background from UPC.

m Prospects at Run3 Operations
0 pp v/s=13 or 14 TeV

. Increase statistics of high energy m©

n(—27r), Kos(—=2m0—4y) measurements

. Joint operation with ZDC for improvement of energy resolution for neutrons (40% — 20%)

0 pO (or O0) collisions (Next talk by A. Tiberio)
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Inclusive photon at pp v/s=13TeV

0N >10.94

e 18.81<n<8.99

Crcr 1s=T1o5r1eV photon E CHGT TS=T13TEV Prioton E
. n>10.94, A¢=180° - - 8.81<1<8.99, A¢=20° -
_ -1 _ -1
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&DLFl Diffractive processes

EXPERIMENT

Inelastic processes

J/ Diffractive (20%) Non-diffractive \
/ Single diffractive Double diffractive \ (80%)
projectile . — \O/_; /4}
- I | .
— /tacrget\> /O\> I
Kei=0.55 Ke1=0.99 Ke=0.54 Ke=0.45
Ke : Elasticity @ pp,Vs=13TeV 1 ATLAS-CONF-2017-075
—————————————————————————————————————— S, ATLAS.LHOI Proliminary PYTHIAB1ZDL
Identification of diffractive events by ATLAS| = . o O§1L= """"""""""
Viethod | Large rapidity gap 5%101 %gﬁ:f;
» Event selection by Nigacks=0 <= An > 5 £ =

Niracks: the number of tracks detected
by ATLAS inner trackers (|n|<2.5, pr > 100 MeV)

— Selecting pure samples of proton dissociations.
— Sensitive to only low-mass dissociations
Mx = 50 GeV

28-Feb.-2018 133rd LHCC Meeting

10_2 E'i'g_l

—— MC folded (total)
NCICIS MC folded (diff.)
i, — MC folded (SD)
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@ Measurement of contributions of diffractive processes

INsF'\{ to forward photon spectra in pp collisions at Vs = 13 TeV

EXPERIMENT

Preliminary result of the measurement for forward photons is published
iIn a conference-note; ATLAS-CONF-2017-075

Inclusive photon spectra Photon spectra w/ Nch = O selection
s >10.94 8.81<n<8.99
1I—'_'1OEIIII | | |||||||||| |_|10—5 ||||||||||||||||II|IIII—
> = " b =
o ATLAS-LHCf Prelimingey™- > - ATLAS-LHCf Preliminary 3
O, i \s =13 TeV, 0.191 - O, L \s=13 TeV, 0.191 nb™
W 107 = 1>10.94, A¢z+80° _ — - )
S = ) E W 10 8.81<n<8.99, A$p=20 =
E>— ;i'\ : _ -Q>_ —@— Data LHCf-Arm1, arXiv:1703.07678 E
5 = i 'CZJ - s Vi —M— DataN_=0, ATLAS-CONF-2017-075 —
o) S — B \‘\1 Y. L, 1o+ l:] Syst. + Stat. Unc. LHCf-Arm1 o
c -7 _ L o o \!‘---_ o = i
Z_‘I 0 - = -E‘I 0_7 — q\h\ - L 1. [777777] syst. +Stat. Unc. N_=0 —
210 ¢ = 2107 e 1 : :
— - N — i \Lt’;l-;{*%.l o o -
| ISR ., R4 —
B — *'\:Hé?%’;&é/f . | / =
10_8 — -8 \‘9\:{%/ g ¥
- 107°F S =
— - ;_ VZ 7 IS e [ [ L L L L L L E
[ —@— Data LHCf-Arm1, arXiv:1703.07678 - *%k} f -
- | —— EPOS-LHC Z |
9 —M— Data N_=0, ATLAS-CONF-2017-075 =% - - - - [~ | %
107" ET] syst. + Stat. Unc. LHCF-Am 10 7 QGSJET-11-04 7,7 —
E Syst. + Stat. Unc. Nch=0 — /4“//// sByYLL23 7 { _
| —— EPOS-LHC =:=:= EPOS-LHC N_=0 - 77 PYTHIABZT2DL
107101 == QGSJET-04  =:=:= QGSJET-II-04 N, =0 10-10L e EPOS-LHC N,,=0
- SIBYLL2.3 === SIBYLL2.3 N_=0 = t&& QGSJET-1-04 N, =0
- —— PYTHIA8212DL - -~ PYTHIA8212DL N, =0 - T SIBYLL2.3 N, =0
- gz L e PYTHIA8212DL N =0
10_11 b Lo Lo Lo ! % 10—11 RN AT N N NN NN N A R 2t /\m P
1000 2000 3000 4000 5000 6000 1000 2000 3000 4000 5000 6000
Photon Energy [GeV] Photon Energy [GeV]
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@ Measurement of contributions of diffractive processes

INsF'\{ to forward photon spectra in pp collisions at Vs = 13 TeV

EXPERIMENT

Ratio (Nch=o/Inclusive) ATLAS-CONF-2017-075

|—|>_ 1 | | | | | | | | | | | | | | | | | n > 10.94 | | |—|>_ 1 | | | | | | | | | | | | | | 8.81 < n < 8.99 ]
L_Ié  ATLAS-LHCf Preliminary | -ch;  ATLAS-LHCf Preliminary ]
=~ [ \s=13TeV,0.191 nb" ] 2+ [ is=13Tev,0.191 b -
5. 0.8 1>10.94, Ap=180° [T 3 0.8 8.81m<8.99, A¢9=20° —
-~ ~ —@— Data LHCf-Arm1 = \5\\ iiiii\ NN -~ ~ —@— Data LHCf-Arm1 N
=) — [] Syst. + Stat. Unc. - Ry = =) — [] Syst. + Stat. Unc. n
S0l — maerio 1 Jsoel — Sasetio -
z°0.6- i SIBYLL2.3 VR 1 £ 0.6/~ — SIBYLL23 —~
i | ——— PYTHIA8212DL [ oo 1w | —— PYTHIA8212DL )
o QRN 1 = L |
Z 0.4 R | ZT04- -
SR @{3\%& : N 4 =L _
SRRt TS \ : . :
N NN 5 N . - .
02 U N B e 02 | AN ’ \\ Sl \»fﬁ\._ﬁ\ﬁﬁ\\\\\\\:‘;iﬁﬁili VVVVVVVVV —
* i ® = = TRy —
& ® _
O | | | | | | | | | | | | | | | | | | | | | | | | | | | | | O | | | | | | | | | | | | I | I Iﬁ ‘i_‘ 3‘ & : | | | |
1000 2000 3000 4000 5000  60C 1000 2000 3000 4000 5000 6000
Photon Energy [GeV] Photon Energy [GeV]
» At n>10.94, the ratio of data increased from 0.15 to 0.4.
with increasing of the photon energy up to 4TeV.
. predicts higher fraction at higher energies.
- SIBYLL2.3 show small fraction compare with data at n>10.94.
» At 8.81 <n <8.99, the ratio of data keep almost constant as 0.17.
» EPOS-LHC and show good agreement with data at 8.81 <n < 8.99.
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0 pTt spectra at p+p,7TeV

O. ADRIANI er al. PHYSICAL REVIEW D 94, 032007 (2016)

10°l  @88<y<90 ||  (m90<y<92 ||  (©92<y<94 || () 9.4 <y <9.6
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—— DPMJET 3.06
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| ---- QGSJETII-04 agreement
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| PYTHIA8.185

| + LHCf (stat.+syst.) for large pr
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0 pz (~E) spectra at p+p,7TeV

PRD 94 (2016) 032007
N; 100 __(a) 0.0<p; [GeV]<O.2 (b)02<pT [GeV]<O4 (c)O4<pT[GeV]<06
Q) -
© 10"
MQ- 10-2
©
© 107
T 4 nd * .
= 104 Lher vs =7Tev o |
& 107 | SLdt=2.64+2.85nb™ - ||
: | s
— 1000 2000 3000
U 10°| (906<p;[GeVi<0.8 || (e)0.8<p;[GeVI<1.0 o, [GeV]
> |
O 107} | —— DPMJET 3.06
"o 107 .+~ EPOS LHC
S ---- QGSJET 11-04
LI SIBYLL 2.1
w 10 - PYTHIA8.185
£ 107 -+ LHCf (stat.+syst.)
—

1000 2000 3000 1000 2000 3000
p, [GeV] p, [GeV]

DPMIJET and Pythia overestimate over all E-pt range
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0 pz (~E) spectra at pPb,5TeV

N 1, (a) 0.0<p; [GeV]<0.2

>

O,

mQ_

2

DCS-b

m_o -
LIJ_ --
% "!-‘;.5
_ ~~1000 2000 3000 4000
5 p, [GeV]

" { —— DPMJET 3.06

= | -~ EPOS LHC

S --- QGSJET 1I-04

S -+ UPC

5L -+ LHCf (stat.+syst.)

1000 2000 3000 4000 1000 2000 3000 4000
p, [GeV] p, [GeV]
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heutron at pp, 13 TeV

n, differential cross-section for each psuedorapidity bin.

A)n > 10.75 B) 10.06 < < 10.75 C) 9.65 < 1 < 10.06
3 10—3 10—3
L B f L —— f L —— f L —— f L —— T L —— f L —— f L —— f L —— f L —— f L —— T

x10

_\\\\?\\\\Z\\\\?\\\\?\\\\:\\\\ \\_ i \_ i
1 1

n, enerqgy flow N, cross-section
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